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where emphases should be placed.
CLIVAR is undoubtedly the biggest and most diverse project yet undertaken by the World Climate
Research Programme. The intellectual and material resources required are enormous, as can be seen from
this volume. CLIVAR will bring together communities of meteorologists, atmospheric scientists,
oceanographers and paleoclimatologists who may not have worked closely together in the past. It is exciting
that there is a large community of researchers working on the analysis and modelling of climate variability
ready to go forward and meet the challenges posed in the plan. We hope you will join us.
Kevin Trenberth, Allyn Clarke
(Co-chairs of the CLIVAR SSG) 
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must take into account the readiness and feasibility of the possibilities. Even then, priorities may differ
depending upon whether they refer to the most important topic, the area where there is most activity, or the
area where there is the greatest need for international co-ordination and collaboration.
In setting priorities, assumptions are always involved and should be stated as explicitly as possible.
A change in these underlying assumptions can completely change priorities. The assumptions include broad
statements about funds available, people and ships available, remoteness and logistical aspects, whether sat-
ellites will be launched and succeed, collaboration among countries, whether one can rely and on the avail-
ability of basic observations under a GCOS or from the World Weather Watch network for weather
prediction and build from there, access to and use of data archive facilities, and so on.
The SSG adopted guidelines to assist CLIVAR implementation workshops and panels to contribute
to the development of the CLIVAR Initial Implementation Plan:
(i)  The aim is to go beyond the Science Plan by making concrete proposals for observations, process
studies and modelling.
(ii)  A “wish list” of possible projects is not sufficient. Workshop recommendations must aim to
contribute towards formulation of a realistic overall programme by:
•  defining project foci
•  setting priorities
•  recommending appropriate timetables and sequence of requirements.
(iii)  In setting priorities, the workshops should take into account:
•  scientific justification and rationale which must related to the CLIVAR objectives as stated in
the Science Plan
•  readiness
•  feasibility - including technical and cost aspects
•  probabilities for multiple “pay-offs”, i.e. formulate hypotheses to provide focus, but design pro-
grammes so that even if these are not supported, there are substantial gains, for instance, in ad-
vancement in understanding, improved models, etc.
•  collaboration with other programmes
•  balance of activities (field programmes, background observations, modelling, empirical studies)
•  contributions to more than one CLIVAR sub-programme (GOALS, DecCen and ACC).
The SSG also agreed that, wherever possible, CLIVAR would use existing mechanisms to co-ordi-
nate its observational and data collection, distribution and archiving programmes. The CLIVAR SSG wants
GCOS/GOOS to play a major role in the implementation and operation of these components of the CLIVAR
programme.
In drafting each section of the Implementation Plan, the authors were asked to consider: 
1.  What is now being done (that can be built upon)?
2.  What would be a modest enhancement of that (and thus doable)? 
I. Overview
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ther its work the SSG has a number of subcommittees and panels addressing various aspects of the
programme. A more detailed description of the organisational structure of CLIVAR is given in Appendix 3.
The following section (Section II) of this document addresses a number of the common integrating
themes and approaches, the sustained observations required for CLIVAR research, and the infrastructure
needed for CLIVAR implementation and management. This is followed in Section III by descriptions of the
principal research areas with their implementation requirements. That some are presented in more detail
than others is an indication of their current state of development within CLIVAR. The final subsection pro-
vides a brief assessment of the current (mid-1998) status of the CLIVAR Principal Research Areas in terms
of their feasibility and readiness as a basis for helping to set priorities. 
CLIVAR will ultimately be judged on how effective it is in mounting a coherent programme of
enhanced observations, modelling, analysis and prediction, since that is the only road to success. This doc-
ument proposes a number of possible approaches for constructing such a programme. Its actual implemen-
tation depends on the will and resources brought to bear by the scientists, institutions, agencies and
governments of the world. 
II. Unifying Themes and Approaches
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Clearly, all CLIVAR components require strong efforts in data archaeology and paleoclimatic activ-
ities to extend the climate record to the past, support and extend climate data collection programmes to con-
tinue the records into the future, and data analysis and modelling studies to describe, simulate, and predict
climate variability on decadal to century time scales. 
Moreover, the only viable strategy for dealing with decadal and longer time-scale variations and cli-
mate change is to analyse observations to improve understanding of processes sufficiently that we can build
global climate models in which there is enough confidence in their ability to replicate the physical climate
system in all of its manifestations, including means, variability and extremes. These models can then be
used to explore the full range of natural variability in the absence of external forcings as well as the response
to perturbations from changes in solar output, volcanic eruptions, and human influences such as from
changes in land use and atmospheric composition. Such models can potentially be used for predictions and
planning purposes.
Embedded within the climate variability are natural modes of coupled climate system behaviour such
as ENSO and patterns of behaviour, such as the North Atlantic Oscillation. The latter may be primarily an
atmospheric mode or it may have aspects of behaviour that depend on interactions of the atmosphere with
the ocean and/or land surface. Because there are reasons to suspect that the climate system response to ex-
ternal perturbations may occur through these natural modes, it is important to further our understanding and
improve our ability to model them. Because variations in these modes often have associated with them ma-
jor changes in surface temperature, precipitation and storms, they are also of importance to society in their
own right.
CLIVAR necessarily has to deal with the global aspects of climate variability. Accordingly, a global
framework of modelling and analytical studies of globally distributed observations are essential for CLI-
VAR and provide the context for more regional or focused studies.  
2. Global Modelling and Prediction
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Except for specific studies it is not anticipated that it will be required to have fully eddy-resolving
ocean models, but horizontal resolutions of 0.5-0.25 deg lat./lon. will be required, again higher by a factor
of two or so over what is presently being done in long climate integrations. However, this question needs
to be revisited at a later time, when more experience is available.
Secondly, computational requirements will be high due to need for a large number of numerical ex-
periments in the research mode. Based on the experience in medium-range prediction, systematic develop-
ment and evaluation of model improvements require a wide range of experiments to encompass a broad
range of atmosphere circulation types and different model parameter possibilities. Common experience sug-
gests that improvements in processes do not necessarily immediately translate into improved performance
of the model as a whole. Thus it is expected that model development, in particular on longer time scales,
requires additional numerical experimentation and validation to assure a solid base for judging the merit of
a model improvement. For a sound research programme, it is recommended that the order of 25-50% of the
total computational resources of an individual research group should be allocated for model developments
and testing.
Thirdly, climate change experiments require ensemble predictions. This is a new and important as-
pect which adds considerably to the computational need. Ensemble prediction has already been implement-
ed operationally in medium-range weather forecasting and seems to be a necessary principle to follow also
in climate prediction on all time scales, whether seasonal predictions of El Niño or projections of green-
house gas-induced climate change. It provides a useful methodology enabling separation of signal (the com-
mon component to all ensemble members) from noise (the varying component) in long integrations.
Climate prediction and simulation will always contain unpredictable components, which need to be prop-
erly identified in order to make these integrations practically useful. The size of a suitable ensembles will
depend on the actual problem, but 5 - 10 is probably a minimal estimate and there are indications that double
these numbers may not be enough at times because the need is to approximate the probability density func-
tion of the possible outcomes.
Finally, there are a number of additional problems, some of them related to the initialisation of cou-
pled models, which are excessively computational demanding. Presently, these problems are handled on an
ad hoc basis since sufficient computing power is not available. However, it may well happen that we may
be able to initialise the coupled system in a way analogous to what is being done for the atmosphere, that is
as a true initial value problem. Nevertheless, it is important to assure that proper resources will be made
available for coupled model data-assimilation and initialisation.
CLIVAR does not maintain any form of common computational resource. Consequently, it is expect-
ed that nations will provide adequate computing to carry out the CLIVAR research agenda and to allow
groups to participate in intercomparisons and other CLIVAR projects. It is apparent that the CLIVAR pro-
gramme will require an overall enhancement in computational resources in most groups by a factor of 10-
50 over the next few years to provide a serious contribution to the CLIVAR modelling programme. This
means that the requirements for leading research groups should be increased to the order of a few hundred
Gigaflops/sec. sustained overall performance, growing again by a factor of 5-10 over the next five years.
Data handling resources must also be enhanced accordingly in order to match the computational facilities.
Of course this does not mean that smaller groups or groups with fewer computational resources can
not contribute, as there is ample scope for regional model development and application, and more special-
ised process-oriented research with models. However, careful selection of the problems to be undertaken
will be necessary for results to be robust and useful. 
The above may seem as exhaustive requirements. Nevertheless, the climate modelling community
not only needs this capacity, but it is generally also capable of using it soundly and efficiently. Otherwise,
it will not be possible to carry through the CLIVAR numerical experimentation programme in a convincing
way and the provision of sound guidance for the CLIVAR observational programmes will be severely ham-
pered and progress in CLIVAR will be delayed. 
II. Unifying Themes and Approaches
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•  Diagnosis and budgets:
Guided by theory and models of the coupled system and its components, diagnoses of the func-
tioning of the climate system will be carried out. Budgets of mass, heat, energy, momentum,
atmospheric moisture, fresh water (or salinity) in the ocean, and the surface hydrological bal-
ance on land are one common approach used for diagnosis, but many other approaches can be
used and should be developed. For example, diagnostic studies could include calculations to
determine the ocean mass, freshwater and heat transports, the surface heat and freshwater bal-
ance. They could also include how these quantities change with time, along with investigations
of the role of Rossby and Kelvin waves in the ocean and the observational evidence for a
“delayed oscillator” type mechanism in ENSO. 
•  Forcing:
Determination of the spatial and temporal distribution of the forcings of the atmosphere and
ocean will be made. Also needed are studies to ﬁnd which of these forcings are most relevant
for climate variability on different time scales and why they change. An important hypothesis
to be tested is whether the major latent heat sources in the tropics in association with the major
radiative sinks, both of which are associated with ENSO, tropical SST anomalies and mon-
soons, have a primary role in seasonal-to-interannual forcing. Feedbacks associated with cloud
radiative forcing and changes in atmospheric moisture distributions add complexity to the
determination of effective tropical forcing. 
•  Responses:
The responses of the atmosphere and the oceans to climate forcings, both locally and remote
(teleconnections), and further linkages, such as a remote response in the oceans via atmos-
pheric teleconnections should be determined to within empirical limits. There are many ques-
tions concerning wave propagation and interaction of quasi-stationary waves with transients,
which can be addressed empirically, as well as with modelling studies. 
•  Feedbacks:
The impacts of local and remote forcing on the hydrological cycle, especially over land, and
the feedbacks to the atmosphere through changes in the ground hydrology and other land sur-
face processes will be investigated. The role of snow cover and soil moisture over land in
inducing anomalies in large-scale circulation needs to be determined. The extent to which land-
surface anomalies are the result of long-term oscillations of the climate system or stochastic
inﬂuences from extratropical weather events requires determination. The importance of other
feedbacks such as those that occur through changes in storm tracks, interactions with sea ice
and through effects of extratropical SST anomalies on the atmosphere must also be pursued. 
•  Predictability:
A topic of special relevance to CLIVAR is predictability on all time scales. Analogues can be
used to determine the rate of separation of initially similar states of the coupled system but,
because of the shortness of the data record, innovative approaches are needed to address the
long time scales of interest. Empirical searches for regular behaviour, very low frequency phe-
nomena and spatial, temporal or mechanistic links between elements of the coupled system
may suggest predictable components. 
4. Global Sustained Observations
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 Fig. 4: Some of the (mainly) existing elements that can contribute to the CLIVAR requirement for sustained ob-
servations (courtesy of NOAA/OGP). Many of the elements below are not included.
 
The fundamental fields that need to be observed for CLIVAR have been identified by the UOP as: 
•  sea surface temperature 
•  surface wind
•  surface heat and fresh water flux 
•  upper ocean temperature 
•  ocean circulation (currents)
•  surface and subsurface salinity
tide gage stations
profiling floats moored buoys drifting buoys
volunteer observing ships
Tide gauge stations
VOS lines Drifting buoys
Profiling floats Moored buoys4. Global Sustained Observations
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Although currently a large number of weather stations report internationally over synoptic or CLI-
MAT networks, these stations may not be the best stations for meeting GCOS requirements for climate
monitoring. Indeed, many are recently introduced stations that do not have the long records needed for cli-
mate studies and the spatial distribution of these stations is very uneven. The selection of GSN stations, by
contrast, needs to be based on the suitability of data for climate analysis resulting in a well distributed net-
work of the very best long-term climate stations in the world. The procedure to initially select stations for
the GSN was based on a specially developed computer algorithm. WMO members will be informed on this
process and will be asked to review and comment on the selection of stations in their country. This overall
process is described in the reports GCOS (1996b, 1997b, 1997c). Figure 6 shows the location of the initially
selected stations.
The GCOS Upper-Air Network (GUAN) 
The purpose of the GCOS Upper-Air Network is to ensure a relatively homogeneous distribution of
upper-air stations to meet requirements of GCOS. The key issue is to establish a network of stations with
reliable prior records, and which can be relied upon to continue in the future. The criteria used by the At-
mospheric Observation Panel for Climate to select presently-operating World Weather Watch Global Ob-
serving System (GOS) stations to be included in the Network are, in order of importance: (1) the remoteness
of the station, which determines its relative contribution to as homogeneous a distribution as possible (given
the global land/ocean distribution); (2) the performance of the station in producing high quality observa-
tions; and (3) the existence of a reasonable length of historical record. 
Fig. 7: The initial GCOS Upper-Air Network (GUAN) (courtesy of GCOS Joint Planning Office, 1998)
The selection process considered performance records of existing GOS stations and station quality
information from the Lead Centre quality monitoring programme of the WMO Commission for Basic Sys-
tems (CBS). It has been noted that the present GOS has experienced and continues to experience problemsII. Unifying Themes and Approaches
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5. Data Set Development, Policy and Management
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(d) The development of appropriate global surface ﬁelds;
(e) encouragement of prototype global assimilation systems.
Although an initiative of the OOPC, GODAE will exercise a level of independence from existing sci-
entific and operational programmes in order to develop independence, provide freedom of development,
and to build a GODAE resource. GODAE will attempt to attract investment, not “recommend” it, in an in-
cremental process. The target for its realisation is 2003-2005. See GCOS (1998a) for details. 
II. Unifying Themes and Approaches
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•  exploring the predictability of extratropical seasonal to interannual climate variability induced
by the interaction of the atmosphere with oceans, land surface processes, and sea-ice processes
and developing means to exploit any such predictability.
TOGA focused on the climate variability and predictability arising from the ENSO phenomena in the
tropical Pacific, the importance of which stems mostly from latent heating from large-scale anomalous rain-
fall that drives atmospheric teleconnections around the world. Other sources of major latent heating in the
tropics arise from variations in monsoon systems which also have implications on the global circulation and
are of critical importance for peoples living on tropical continents directly affected by changes in rainfall.
Accordingly the GOALS strategy is to expand the domain of interest from the ENSO phenomena in the
tropical Pacific to encompass global monsoon variability as well as other sources of variability and predict-
ability arising in the extra-tropics.
Predictions of SST need coupled atmosphere-ocean models. Because climatic predictions require in-
itial data, in particular the internal state of the upper tropical ocean and winds, enhancements to the existing
operational observing system in the Pacific were initiated under TOGA to provide these data. The heart of
these enhancements is the array of moored buoys straddling the equator across the entire Pacific Basin - the
Tropical Atmosphere Ocean (TAO) and TRITON (TRIangle Trans Ocean buoy Network) array. Because
the system was designed with prediction in mind, it makes data available in real-time: the state of the trop-
ical Pacific Ocean is telemetered automatically through the Global Telecommunication System and is freely
available to users. While the system was designed and implemented for research, it is still operative and is
now essential for climate prediction. Extension of moorings with the capability of TAO to other regions of
the tropical oceans is envisioned as part of GOALS.
The models employed so far have been relatively simple. The use of more complex models with a
greater probability of correctly simulating the wide range of physical processes known to be involved offers
the possibility of higher forecast skill, skilful prediction at longer ranges, and an expanded geographical
range of useful forecasts. Learning to use better the data that exist, increasing the quality, geographic extent,
and density of the data, and improving data inputs to the models offer the possibility of still greater forecast
skill and range. Other challenges exist in the extra-tropics and in regions more remote from the Pacific that
are affected through teleconnections. The need is to improve forecasts of teleconnection patterns and mod-
elling capabilities so that regionally specific information can be given. Learning how to shape, disseminate,
and apply the forecasts for useful societal benefit clearly promises a closer and healthier relationship be-
tween scientists and the societies that support them.
Special institutions like the International Research Institute for seasonal to interannual prediction
(IRI) have been established to accelerate the accomplishment of this task in collaboration with the existing
international framework for disseminating meteorological and climatological information.
Major research foci will include improved analyses and model initialisation, modelling and predic-
tion in the tropics, prediction of the extra-tropical atmospheric circulation, and assessments. In order to de-
velop and improve the skill of ENSO-based predictions, it will be necessary to maintain and upgrade an
observing system that will require continuing evaluation of its capacity, especially for prediction. There is
a need to establish a better scientific foundation for monitoring, to address how different measurement sys-
tems can be used together, and how best to use the measurements we have. An important activity is ongoing
data-set development and the use of such data-sets for diagnostic and empirical studies, that will improve
our description and understanding of what is occurring in nature and how such knowledge may be used to
improve climate models and prediction. Focused research projects in CLIVAR GOALS will include field
programmes and regional emphases, which will require intensive measuring systems in the ocean and at-
mosphere from time-to-time.
A major process study called TOGA-COARE (the Coupled Ocean-Atmosphere Response Experi-
ment), took place in the “Warm Pool” region of the tropical Pacific and work needs to continue to capitalise
on the field phase of that study. It is important to extend the empirical, process and modelling studies outside
the Pacific to other parts of the tropics and, especially, the monsoon systems and their variations. The latter
are important for the multitudes of peoples that live in regions directly under their influence. However, as 
CLIVAR - GOALS
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the monsoon rains vary from year to year, so to do the major latent heat sources in the tropics, which may
also be important through teleconnections to climate variations around the rest of the world.
 
Fig. III.1: The domains of interest of the CLIVAR GOALS principal research areas straddle the tropics but also
extend well into extra-tropical regions.
 
CLIVAR GOALS will extend our understanding, analytical, modelling and predictive capabilities of
natural climate variability on seasonal to interannual time scales. Because GOALS has an emphasis on pre-
diction, it will also take an interest in slow components of the climate system that give it a memory. The
approach will be to focus on the following principal research areas (see also Fig. III.1):
•  ENSO: Extending and Improving Predictions (G1):
Advancing understanding and observations of climate variability associated with ENSO and 
global teleconnections to improve prediction and applications.
•  Variability of the Asian - Australian Monsoon (G2):
Developing better understanding of the mechanisms of interannual and interseasonal variations 
of the Asian-Australian monsoon and to improve their prediction. 
•  Variability of the American Monsoon Systems (G3):
Developing better understanding of the Pan American monsoon, its interannual variations, and 
its origin and links to the Paciﬁc and Atlantic. 
•  African Climate Variability (G4):
Initiating studies of the interannual variability and predictability of the African climate and the 
dependence on SST changes to improve predictions of African climate.
African Climate Variability
El Niño/Southern Oscillation
American Monsoons
Asian-Australian Monsoon 
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Fig. 1.2: Correlations and rms errors between predicted and observed Niño-3 SST anomalies for three different
time periods. Results are shown for the standard Lamont model of Zebiak and Cane (1987), the improved (new)
model and persistence (from Chen et al. (1995)).
 
Some skill of SST prediction has been demonstrated by a long series of monthly hindcasts and fore-
casts. Approximately 300 of these forecasts have been performed and useful skill in forecasting SST in the
tropical Pacific out to a year in advance has been shown to exist (Fig. 1.2). The climatic variability of a
number of far-flung regions of the world correlates so strongly with SST variability in the tropical Pacific
on times scales up to interannual that forecasts of these SSTs have some predictive value. Precipitation and/
or temperature in parts of Australia, Indonesia, Borneo, Sulewesi, Peru and Chile, in particular, have high
predictive value while Zimbabwe, Brazil, Ethiopia, and the north-western part of the North American con-
tinent currently have lower predictive value (Fig. 1.3). Some of these countries and regions have learned to
use what predictive skill the forecast offers for applications to agriculture and water resources. They have
generally found the results beneficial (although it is far from obvious how to use to best advantage a forecast
of future climatic conditions that contains uncertainty). Those poorer countries that endure in semi-arid lo-
cal climatic conditions have found the forecasts especially useful-indeed having major societal benefits. The
provision of climate forecast information in a form that countries can use to benefit their societies is a wel-
come and exciting way in which the wealthier countries of the world can help the poorer countries to help
themselves. 
1. ENSO: Extending and Improving Predictions (G1)
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Fig. 1.3: Schematic of temperature and precipitation anomalies generally associated with the warm phase of
ENSO during the northern winter and summer seasons. To a good approximation, relationships with the cold
phase of ENSO are simply reversed in sign. [After Ropelewski and Halpert (1986, 1987, 1989), Halpert and
Ropelewski (1992) and supplemented by Aceituno (1988)] (courtesy of NOAA/PMEL).
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gions. Application research should provide insights into the regional consequences of climate variability,
the vulnerability of communities and development sectors, the identification of opportunities to exploit cli-
mate forecasts for economic development and the value of new forecast information to support decision
making in the public and private sectors. IRI demonstration projects are being designed to facilitate access
to forecasts, support local and regional capacity-building, and establish mechanisms to ensure continuous
dialogue with potential users of seasonal-to-interannual climate forecast information.
As the applications of ENSO information and prediction activities mature it will be important to co-
ordinate with the IHDP, national meteorological and hydrological services, the WMO CLIPS Programme
and the IRI. Indeed CLIPS may also play a role in co-ordinating research and development of operational
climate prediction, especially empirical aspects, in many countries.
It has become clear since 1990 that ENSO is being modulated by decadal variability in the Pacific in
a way that models up to now have not yet recognised. This decadal modulation is the equivalent of a non-
stationary climate state upon which the interannual ENSO rides. In addition, it has been suspected for some
time that there may be precursor signals for the onset of warm and cold phases of ENSO, which originate
in the Indian Ocean. Both the decadal question and the relationship of ENSO with the Indian Ocean mean
that ENSO Prediction must interface and co-ordinate with element D4 (Pacific and Indian Ocean Decadal
Variability) the DecCen component of CLIVAR.
When the tool of climate prediction is global coupled models, and when global atmospheric GCMs
are used to teleconnect the predicted SST variability in the tropics to elsewhere, there is no alternative to
producing good land models which are embedded in the atmospheric GCM. The location of the great re-
gions of persistent precipitation, which drive the tropical atmospheric circulation are partly over land, and
snow cover in the Tibetan Plateau has been shown to affect the Asian monsoon which can in turn affect
ENSO. Consequently, land processes can have a direct effect on the prediction of ENSO. Collaboration with
the WCRP Global Water and Energetic Experiment (GEWEX) and some of its land programmes (such as
the GEWEX Asian Monsoon Experiment GAME, and the GEWEX Continental International Project
GCIP) are essential. The focal point for these aspects in GOALS will be G2, G3 and G4.
Another major linkage is with the prediction and detection of long-term climate change, elements and
A2 of the Anthropogenic Climate Change (ACC) component of CLIVAR. ENSO is a climate process and
affects the mean climate of the globe in a number of separate ways. ENSO affects the magnitude and dis-
tribution of mean surface temperature and the net uptake of CO
 
2
 
 by the ocean. ENSO is itself affected by
the addition of radiatively active constituents to the atmosphere and, because ENSO naturally produces
droughts and heavy rains in different places around the world, the enhanced hydrological cycle expected to
accompany global warming could exacerbate these events. Comprehensive climate models used to simulate
and predict the response to anthropogenic addition of radiatively active gases and aerosols must therefore
be able to include the interactive effects of ENSO and its possible modifications by these additions.
There is no CLIVAR standing committee to co-ordinate G1 research, although the CLIVAR panels
NEG-1 and the UOP as well as the IRI and CLIPS will all play a role. Nevertheless, it will be important to
foster co-ordination and exchanges through the organisation of conferences and workshops perhaps trien-
nially. 
III. The CLIVAR Principal Research Areas
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Fig. 2.1: Crop production vs. Indian monsoon rainfall. Notwithstanding the overall growth in rice production
in India due to better farming practices and technological development, year-to-year fluctuations in production
are determined largely by the success or failure of the summer monsoon which is in turn affected by the partic-
ular phase of the El Niño/Southern Oscillation phenomenon (from Webster et al. (1998), adapted from Gadgil,
1995).
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may be important in determining the characteristics of ISO over the monsoon region. Besides having a
strong control on the monsoon active-break cycles, ISO may define a monsoon “attractor” that determines
the evolution of the climate states of the monsoon. Considering the similarity between the ISO and interan-
nual variability, it may be hypothesised that the monsoon attractor has multiple basic states and that it may
be nudged to go from one state to the other under the influence of remote forcing induced by sea surface
temperature anomalies, changes in snow cover or other external forcing functions (Palmer, 1994 and Web-
ster et al., 1998). Moreover, it should be noted that the annual and the ISO time scales are arguably the most
important time scales on which improved prediction will provide the greatest social and economic benefit.
Hence, they warrant high priority for AA-monsoon studies.
 
Fig. 2.4: Composites of warm-minus-cold 850 mb winds and GPI rainfall seasonal anomalies based on the
NASA-GEOS reanalysis for December-January-February (upper panel) and for May through August (lower
panel) (courtesy of K.M. Lau).
(a) DJF GPI & 850 hPa Wind Diff. (El Niño - La Niña)
(b) MJJA GPI & 850 hPa Wind Diff. (E-L: 87,92,93 - 86, 88, 89) 
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Fig. 2.6
 
: 
 
Illustration of three conceptual models of intraseasonal oscillation: a) Wave CISK, b) wind-induced
surface heat exchange (WISHE), c) air-sea convective intraseasonal interaction (ASCII) (Flatau et al., 1997).
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Fig. 3.2: Mean by-weekly precipitation (mm/day) during the period 1979-1993 in different regions of the
Americas (Magaña et al., 1998).
 
The contribution of ocean processes to the interannual variability of rainfall over the Americas is dis-
cussed in Section 3.1.2. There is also evidence of links between tropical storm activity and the North Amer-
ican monsoon. The long rainfall record for Mexico City demonstrates that the summer monsoon was weak
during the early 1900s and again in the late 1940s through the early 1960s, and was noticeably higher from
the late 1920s to 1940 and again from the late 1960s to 1980. The eastern North Pacific had enhanced trop-
ical storm activity in the 1920s, while the Gulf of Mexico was active in the 1930s (Díaz and Pulwarty,
1997). Thus, the wet 1920s and 1930s were associated with enhanced storm activity in one of the adjacent
oceans. In contrast, the poor monsoon seasons of the 1940s were associated with reduced storm activity in
the eastern North Pacific. This dry period extended into the 1950s when storm activity was greatly reduced
in the Gulf of Mexico. The wet regimes of the late 1960s and 1970s were associated with a weakened At-
lantic trade wind regime, decreased atmospheric stability and weak vertical shear. Tropical storm activity
in the Gulf of Mexico and eastern North Pacific may not show strong year to year correlation, but decadal
variability in storm activity between the two ocean regions appears to play an important part in the modu-
lation of rainfall across much of Mexico. 
The wintertime circulation over North America does not exhibit the pronounced reversal observed
over portions of southern and eastern Asia. It does exhibit some similarities, however, such as the transient
cold surges that spread southward east of the Rockies. These cold surges sometimes penetrate deep into the
southern Gulf of Mexico and the Caribbean Sea, and trigger wind surges through low-altitude Mexican and
Central American passes that affect SSTs in the eastern Pacific (DiMego et al., 1976; Schultz et al., 1997).
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3.3: Two features of a typical cold surge over South America during the Southern Hemisphere winter:
a) equatorward penetration of cold air at the surface (contour interval 5K),
b) decrease in specific humidity at 850hPa (contour interval 0.2 x 10
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) 
(courtesy of C. Vera). 
 
Large-scale features, such as the ITCZ and SACZ, are frequently composed of organised mesoscale
systems that are important in understanding the local climate and in weather forecasting. Some of these mes-
oscale systems are strongly tied to the local surface characteristics and are strongly modulated by the diurnal
cycle. Satellite studies reveal the complexity of the diurnal variation of convection over the South American
monsoon region (Kousky, 1980). There are clear indications of precipitation maxima associated with the
inland penetration (sometimes up to several hundred kilometres) of convective activity initiated by the sea
breeze along coastal sections of tropical South America. The large rivers and flooded areas in the equatorial
region also provide the necessary forcing for the establishment of local circulation systems that can be clear-
ly identified in satellite data and precipitation observations. The development and intensity of mesoscale
convective systems, such as mesoscale convective complexes, squall lines and diurnal convection are
strongly modulated by transient synoptic systems. At times, this scale interaction leads to excessive rainfall
and flooding. 
During the austral winter, precipitation is larger over northwestern South America north of the equa-
tor. The upper level subtropical jet stream is strongest at this time and is displaced equatorward over South
America in agreement with the descending branch of a Hadley-type circulation over that area. Frontal sys-
tems move fast above regions of low specific humidity and high loss of heat by radiation, and are not asso-
ciated with strong convective activity, but introduce cold surges, known as “friagens”, in central and north
Brazil (Fig. 3.3) (Parmenter, 1976; Hamilton and Tarifa, 1978; Fortune and Kousky, 1983; Marengo et al.,
1997). 
a) Jul. 15, 1993, surface temp (deg. C) b) Jul. 15, 1993, 850hPa q (g/100kg) 
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Fig. 3.4: Mean sea surface temperature distributions for a) January, and b) July. The northern hemisphere wet
season shows a well defined “warm pool” extending from the eastern Pacific across central America and
through the Caribbean Sea. In contrast, the southern hemisphere wet season shows warm pool temperatures
weakening substantially and shifting southward. SST climatology for 1984-95 from Reynolds and Smith
(1994) (courtesy of T. Mitchell).
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circulations intensify in response to intensified southeasterly trade winds, and the cold tongues of the equa-
torial eastern Pacific and Atlantic intensify and expand poleward. The ITCZ, and the warm surface waters
underlying it, are displaced northward. The northern branch of the South Equatorial Current and the North
Equatorial Countercurrent intensify in both the Atlantic and Pacific. Associated with these zonal current
variations are changes in thermocline topography and meridional mass fluxes, which result in an increased
heat flux from the Northern to Southern Hemisphere. 
Boreal summer monsoon circulations also develop in the atmosphere with onshore flow of moisture
laden air in Central America and in the southwest U.S. Convergence of this moisture flux over land leads
to convection and marked increases in continental precipitation. In northeast Brazil on the other hand, boreal
spring is the wet season, corresponding to the time when the equatorial oceans are warmest, and the ITCZ
in the western Atlantic is at its southernmost position south of the equator. In the southwestern Atlantic, the
SACZ is best developed in austral summer, whereas in austral winter, migratory cyclones and associated
cold fronts coming from the Pacific affect this region. 
The intensity of the American monsoon systems is significantly modulated on intraseasonal, interan-
nual and decadal time scales. The impacts of El Niño-Southern Oscillation (ENSO) phenomenon in the
tropical Pacific are global, with specific regional imprints on precipitation patterns over the Americas
(Ropelewski and Halpert, 1987, 1989; Aceituno, 1988, 1989; Pisciottano et al., 1994). There is evidence
that the monsoon in Mexico is modulated by ENSO (Cavazos and Hastenrath, 1990). Specifically, a wet
equatorial central Pacific (warm ENSO) is associated with dryness along the Pacific coast of southern and
western Mexico (Magaña and Quintanar, 1997). Several studies suggest that in late-spring/early-summer
ENSO establishes a teleconnection pattern with an anomalous trough over North America, and the jet
stream and storm track displaced southward of their average locations. (e.g., Kalnay et. al., 1990; Trenberth
and Branstator, 1992; Trenberth and Guillemot, 1996; Bell and Janowiak, 1995; Janowiak, 1988). This re-
sults in increased frequency of storms and higher precipitation. Conversely, anomalously cold SSTs in the
central equatorial Pacific are associated with a decreased frequency of storms and lower precipitation over
North America. The modulation of monsoonal rainfall over South America SST variations in the tropical
Atlantic is suggested by other studies (Namias, 1972; Hastenrath and Heller, 1977; Enfield, 1996). Through
atmospheric teleconnections, ENSO events also affect the winds and therefore the oceanographic condi-
tions in the Atlantic basin (Enfield and Mayer, 1997). In particular, the equatorial Atlantic is often charac-
terised by unusually warm SSTs in the year following major ENSO warm events in the Pacific. Ocean-at-
mosphere interactions internal to the Atlantic are also an important source of interannual climate variability
in that basin, in addition to that generated externally via teleconnections to the Pacific (Philander, 1986; Ze-
biak, 1993; Carton and Huang, 1994; Latif and Barnett, 1995). 
Notable decadal time scale oceanic variations have also been reported in the Atlantic (Deser and
Blackmon, 1993; Kushnir, 1994; Mehta and Delworth, 1995; Chang et al., 1997). Those variations include
the so-called Atlantic dipole, which is characterised by inter-hemispheric variations in SST, surface winds
and surface heat fluxes. The dipole influences the latitudinal position of the ITCZ and associated rainfall
fields, and therefore has significant socio-economic impacts on countries bordering the region. The dipole
also exhibits fluctuations on shorter seasonal and interannual time scales, which are important to describe
and understand for the purposes of predicting short-term climate variability (Weiner and Soares, 1997).
Decadal time scale variations have also been recently documented in the tropical Pacific (Trenberth and
Hurrell, 1994; Graham, 1994; Deser et al., 1996). These low frequency variations manifest themselves in
terms of SSTs with a spatial structure different from that associated with ENSO. Whether these variations
represent a decadal modulation of the ENSO cycle, or arise from ocean-atmosphere interactions distinct
from those associated with ENSO, is unknown at the present time. It is also unknown to what extent these
decadal fluctuations are linked to decadal fluctuations in the North Pacific, and/or to anthropogenic climate
change. 
In addition to these long-term climate fluctuations, significant intraseasonal variations occur in the
tropical Atlantic and Pacific which affect the detailed evolution of the seasonal cycle. Common to both ba-
sins are tropical instability waves with periods of about one month and horizontal scales of several hundred
kilometres (Philander et al., 1985). These waves are important in regulating temperatures and large-scale
current variations in the equatorial cold tongue regions through horizontal turbulent transports of heat and 
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mospheric models that need to be corrected in order to pave the way for the development of realistic coupled
models.
VAMOS will encourage studies with AGCMs aimed at a better understanding of atmospheric sensi-
tivity to anomalous boundary forcing. Results of several published AGCM studies suggest that tropical SST
anomalies can influence warm season rainfall over the Americas (Moura and Shukla, 1981; Mechoso and
Lyons, 1988; Mechoso et al., 1990; Díaz et al., 1998). AGCM experiments can explore the mechanisms by
which monsoon rainfall anomalies over northeast Brazil are positively correlated with SST anomalies over
the tropical South Atlantic and negatively correlated with SST anomalies over the tropical North Atlantic.
Additional experiments may examine the hypothesis that SST anomalies associated with El Niño are capa-
ble of inducing rainfall anomalies over northeast Brazil and other regions of the Americas, independently
of the anomalies in the Atlantic. Such experiments are needed to understand, and ultimately to predict, the
way in which the slowly evolving planetary-scale atmospheric response to boundary forcing modulates the
more intermittent, higher frequency synoptic and subsynoptic phenomena that are responsible for the indi-
vidual episodes of heavy rainfall and significant weather.
 
Fig. 3.5: Precipitation anomalies produced by AGCM forecasts for May-August 1987, 1988, 1993, and 1994.
Soil wetness conditions were prescribed according to observational estimates for the corresponding periods
(top row), or at climatological values for the northern summer season (middle row). In both forecasts, global
sea-surface temperature anomalies for those years are included in the boundary forcing. The precipitation
anomalies from the GPCP dataset are shown in the bottom row (courtesy of S. Schubert and M. J. Suarez).3. Variability of the American Monsoon Systems (G3)
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Global ENSO warm events most often influence rainfall in the eastern and southern part of the con-
tinent during the austral spring and summer, respectively, as part of a seasonally dependent response
(Meehl, 1988). A strengthening of upper westerly flow throughout the region during warm events (Fig. 4.1),
results in a concomitant decline (increase) in moisture confluence over southern (eastern) Africa (Hasten-
rath et al., 1993). Sub-tropical westerly jet streams converge onto Africa and transient troughs tend to be
flatter. The stratospheric QBO plays a role in modulating rainfall (Mason and Tyson, 1992; Jury et al.,
1994). The Walker circulation cell connecting Africa and the Indian Ocean interacts with the QBO, and dur-
ing its westerly phase, rising tropospheric motion occurs over Africa. During the QBO easterly phase, trop-
ical cyclones are more frequent in the Indian Ocean and convection increases significantly over Madagascar
(Jury et al., 1995). 
 
Fig. 4.1
 
: 
 
(upper panel): First principal component of 200 hPa upper level winds over the African hemi-
sphere; (lower panel): comparison of zonal upper wind anomalies over the equatorial Atlantic and sea sur-
face temperatures in the central and eastern Pacific (courtesy M. Jury). 
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for 16% (Hurrell, 1996, updated). Moreover, when the linear effects of the NAO and SO are removed, the
residual time-series (lower panel, Fig 5.2) is found to exhibit no significant trend. 
Such results do not tell us if the observed warming is natural or anthropogenic, but we can justifiably
conclude that the mechanism of hemispheric warming - whatever its cause - is acting through an amplifica-
tion of the NAO in the Atlantic sector and the ENSO (or PNA) signal in the Pacific. Either way the NAO
is revealed as a major source of interannual variability in global weather and climate. 
 
Fig. 5.1: Variations since 1865 in (a) the Iceland - Lisbon and (b) the Iceland - Azores versions of the winter
NAO Index (from Hurrell, 1995 and Rogers (in Cook et al.,1998) respectively); (c) the winter NAO index since
1700, reconstructed from tree rings. The series explains 41% of the variance (from Cook et al., 1998). 
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Fig. 5.2: Surface temperature changes of the Northern Hemisphere (20ºN-90ºN) for December to March asso-
ciated with the North Atlantic Oscillation (NAO)- top series, upper panel; the Southern Oscillation (SO)-
middle series, upper panel; and combined - bottom series, upper panel, relative to the total change - top series,
lower panel. The residual temperature record (bottom series, lower panel) is that remaining after the NAO plus
SO effects are removed. Note the predominance of positive contributions in the NAO and SO after about the
late 1970s (after Hurrell, 1996)  
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Fig. 5.3: Power spectra of the winter (December - March) NAO index for 1865-1994 (top) and running 60-year
intervals (bottom).Variances greater than 0.15mb
 
2
 
 frequency
 
-1
 
 are stippled in the lower panel. Also shown is
the lag one autocorrelation coefficient for each 60-year interval (from Hurrell and van Loon, 1997). 
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The process appears to begin with the advection of anomalously warm or cold western subtropical
waters into the subpolar transformation pipeline. These advected heat anomalies are sequestered in the
mode water, exposed to the atmosphere in winter, isolated by the seasonal thermocline during the warmer
seasons, but reappear in subsequent winters, advected downstream (Alexander and Deser, 1995). Kushnir's
warm and cold periods are thus revealed as periods of relatively warm and cold temperatures in the mode
water along the transformation pipeline. When the warm water transformation pathway runs warm or cold,
the end product of the transformation - Labrador Sea Water (LSW) - runs warm or cold also, resulting in an
anomalously thin (warm) or thick (cold) LSW layer. These variations in LSW thickness have been found to
impact the density structure of the western subtropical gyre with a time lag of 5-10 years (Curry et al., 1998).
There are potential feedbacks in this system. (1) By one theory, an increased southward transport of
LSW in the DWBC may cause a southward shift of the Gulf Stream which “leaves behind” a large body of
warm water in the subpolar gyre - an alternative origin for the warm water which sets the pipeline running
warm in the first place. As the LSW becomes depleted, (taking, say 5-10 years to bleed out in the DWBC),
the Gulf Stream returns to a more northerly path and the process reverses. (2) Interaction between thermo-
haline and wind-driven flows may have other effects. For example, the southward propagation of LSW
thickness changes and their degree of entrainment into the deep Gulf Stream are thought to have an impact
on the stability characteristics of the western boundary current with effects on its downstream intensity
(Spall, 1996). (3) The baroclinic expression of the ingestion of SST and heat anomalies by the subpolar gyre
is a potential energy anomaly difference between the subtropical and subpolar gyres which should also ef-
fect a change in the eastward upper-ocean transport along the gyre:gyre boundary. For this reason,
McCartney refers to the upper ocean potential energy anomaly difference between Bermuda and BRAVO
as an “Oceanic NAO Index” (updated in Fig. 5.5) and notes that it appears to lag the atmospheric NAO sig-
nal by a few years.
 
Fig. 5.5
 
: 
 
Ocean temperatures and transports related to the NAO: A low-passed winter NAO index (Hurrell,
1995, dark gray=high, light gray=low) is plotted against the variation in the temperature of deeply convected
water in the Labrador Sea (light grey line, right scale). Also plotted is the variation in eastward baroclinic trans-
port of the Gulf Stream/ North Atlantic Current, as indexed (heavy black line, left scale) by potential energy
anomaly differences between the Labrador Sea and Bermuda (an oceanic analogue of the atmospheric NAO
index). The warming temperatures before 1970 (low NAO index) and cooling thereafter (high NAO index) are
also reflected in subpolar SST. These changes are the underlying cause of the Cold Ocean part of the “Cold
Ocean - Warm Land” (COWL) pattern (Wallace et al., 1996) in the Atlantic sector in the past 25 years. Oceanic
transports appear to lag the NAO by 4-5 years, and decline with the warming Labrador Sea (and general sub-
polar SST) and declining NAO index of the 1950's and 1960's. The oceanic transports rise again with the cool-
ing Labrador Sea (and general subpolar SST) and strengthening NAO index of the 1970's, 1980's and 1990's
(until the abrupt shift of winter 1996). The 0.8
 
°
 
C temperature range of this large pool of subpolar water, and
the fluctuation range of more than 30% in circulation intensity are some of the indications of a powerful par-
ticipation of the ocean in this North Atlantic Atmosphere-Ocean Oscillation (from McCartney et al., 1997, see
also Kerr, 1997).
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Other variants and theories certainly exist - e.g. the westward and southward propagation of SST
anomalies by topographic and/or planetary waves (Greatbach and Peterson, 1996). However, the “oceanic
NAO index” and the evidence connecting SST history to warm water transformation through winter mode-
water convection encompasses much of our present evidence/ideas, and indicates a monitoring strategy. 
XBT programmes have much value, but are ultimately limited in utility: Mode water convection of-
ten exceeds the depth range of even the 760m version of XBTs so that although they can provide a good
measure of mode water temperature, such measurements do not reach the thermocline and thus cannot com-
ment on the baroclinicity of the thermocline beneath the mode water. Additionally, salinity variations are
believed to exert a significant control on buoyancy-driven convection. Thus temperature alone is insuffi-
cient and this will be particularly true in the case of the highly-variable thermocline T-S relation in the east-
ern Atlantic where the warm subtropical waters sweep into the subpolar gyre. GOOS might eventually help
to establish an upper ocean Atlantic climatology, and the WOCE ACCE experiment is already experiment-
ing with a large deployment of PALACE floats as one means of supplementing XBTs to provide improved
space- time coverage of upper ocean hydrography.
An alternative approach is to provide high time-resolution full-depth (not available from PALACE
floats) hydrography at a few key locations, analogous to the old OWS’s (or the continuing Bermuda and
OWS M time-series) to supplement the sparser time resolution of XBTs, profiling floats and intermittent
hydrographic sections. Given the slow covariant evolution of ocean signals, described above, we suggest
that a sparse inter-gyre network of moored deep-parked profiling CTDs (such as the WHOI Moored Profil-
ers, prototypes of which have been tested off Bermuda and now in the Labrador Basin), can assess the ev-
olution of temperature and salinity content in the mode water and thermocline, as well as describe the sea-
sonal capping of the system. 
Analogous to Fig. 5.5, pairs of such moorings can simultaneously provide indices of baroclinic ad-
vection between key points in the transformation pipeline. We suggest a total of seven deep-moored profil-
ing CTDs (illustrated in Fig. 5.6, though in strongly-sheared regimes, as some of these are, the spatial var-
iability may need to be determined before a representative monitoring site can be chosen):
(i) The existing BRAVO site in the central Labrador Sea. Though this site lies east or southeast of the
maximum winter heat flux (da Silva et al., 1994), the merit of extending an existing long time-
series is the deciding factor in a study which depends so strongly on identifying decadal change.
(ii) Assuming Bermuda (Station S) continues to be ship-based, we would pair it with a second moored
profiler on the Slope north of the Gulf Stream (say in 4000m southeast of Woods Hole). This
would simultaneously monitor the evolution of the deep water brought south in the DWBC and
provide a direct measure of the expected response (Spall, 1996) in terms of the changing dynam-
ics and stability of the eastward flowing Gulf Stream jet.
(iii) A third moored profiler at the offshore side of the DWBC south of Cap Hatteras to investigate
the phase-lag of DWBC signals, and the waxing and waning of the LSW signal for comparison
to that north of the Stream.
(iv) A ship-based Canaries series to couple with the Bermuda site (also ship-based) to provide a sub-
tropical gyre index, a record of subducting watermass changes in the eastern subtropics, and a
measure of the expansion and contraction of LSW influence on Upper North Atlantic Deep Wa-
ter.
(v) Since the circulation bifurcates at the tail of the Banks, the subtropical gyre east of Newfoundland
does not track the GS well. To monitor the split between the Gulf Stream recirculation and the
Azores Current versus the northward then eastward North Atlantic Current (NAC), we propose
two further moored profilers, one in the central Newfoundland basin (Worthington’s mythical
Dram Bouie Island!) the other near the Grand Banks. Again, analogous to the Bermuda-Slope
pairing ((ii) above), this would provide an NAC Index as well as recording watermass property
changes in the southward-flowing DWBC. 
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•  The Central Greenland Ice Sheet Project (GISP-2) and GRIP continue to provide a proxy for
long-term NAO behaviour based on the time-dependence of a suite of stable isotopes, including
deuterium excess which may reflect the impact of regional changes in ocean conditions 
•  The NOAA funded SIO-LDEO Consortium on the Ocean’s Role in Climate continues its 1994-
97 science plan, albeit at a reduced level of funding, including partial support for monitoring the
Denmark Strait outflow. Its aims of understanding decadal and abrupt climatic change are syn-
onymous with those of CLIVAR.
•  The Eulerian/Lagrangian Experiment described in Section 5.4.3 was first discussed at a UK
CLIVAR meeting and the development of a prototype experiment will be part of a UK CLIVAR
initiative now being developed.
•  The German Sonderforschungsbereich (SFB) 460 “Dynamics of thermohaline circulation vari-
ability” is a multi-year study of convection, overflows and resulting water mass formation in the
subpolar North Atlantic; its various observational and modelling components - changes in air-
sea fluxes, their relation to large-scale atmospheric patterns (such as the NAO), water mass
modification and upper ocean variability monitored by repeat sections, repeat convection moor-
ings and a repeat tomography array in Labrador Sea are directly relevant to the questions of
NAO forcing and modelling in D1. It started in summer 1996, with funding by Deutsche For-
schungsgemeinschaft (DFG).  
III. The CLIVAR Principal Research Areas
 
188
 
Cayan, D.R., 1992c: Latent and sensible heat flux anomalies over the northern oceans: Driving the sea sur-
face temperature. J. Phys. Oceanogr., 22, 859-881.
Cayan, D.R. and G. Reverdin, 1994: Monthly precipitation and evaporation variability estimated over the
North Atlantic and North Pacific. In: Atlantic Climate Change Programme: Proceedings of PI’s. meeting,
Princeton, May 9-11, 1994, 28-32.
Chbouki, N., 1992: Spatio-temporal characteristics of drought as inferred from tree-ring data in Morocco.
PhD Thesis, Univ. Arizona, Tucson.
Chbouki, N, C.W. Stockton, and D.E. Myers, 1995: Spatio-temporal patterns of drought in Morocco. Int. J.
Climatology, 15, 187-205.
Cook, E.R., R.D. D'Arrigo, and K.R. Briffa, 1998. A reconstruction of the North Atlantic Oscillation using
tree-ring chronologies from North America and Europe. The Holocene, 8, 9-17.
Curry, R.G., M.S. McCartney, and T.M. Joyce, 1998: Oceanic transport of subpolar climate signals to mid-
depth subtropical waters. Nature, 391, 575-577. 
da Silva, A.M., C.C. Young, and S. Levitus, 1994: Atlas of surface marine data 1994, Volume 3: anomalies
of heat and momentum fluxes. NOAA Atlas NESDIS 8, 413 pp. 
Delworth, T. L., S. Manabe, and R. J. Stouffer, 1993: Interdecadal variations of the thermohaline circulation
in a coupled ocean-atmosphere model. J. Climate, 6, 1993-2011.
Deser, C. and M. Blackmon, 1993: Surface climate variations over the North Atlantic Ocean during winter:
1900-1989. J. Climate, 6, 1743-1753.
Dickson, R.R., J. Meincke, S.-A. Malmberg, and A.J. Lee, 1988: The “Great Salinity Anomaly” in the
northern North Atlantic 1968-1982. Prog. Oceanogr., 20, 103-151.
Dickson, R., J. Lazier, J. Meincke, P. Rhines, and J. Swift, 1996: Long-term co-ordinated changes in the
convective activity of the North Atlantic. Prog. Oceanogr., 38, 241-295
Drinkwater, K.F., 1994: Environmental changes in the Labrador Sea and some effects on fish stocks. ICES
CM 1994/MINI:4, 19 pp.
Fang, Z. and J.M. Wallace, 1994: Arctic sea-ice variability on a time-scale of weeks and its relation to at-
mospheric forcing. J. Climate, 7, 1897-1914.
Frankignoul, C., P. Müller, and E. Zorita, 1997: A simple model of the decadal response of the ocean to
stochastic wind forcing. J. Phys. Oceanogr., 27, 1533-1546.
Friedland, K.D., D.G. Redding, and J.F. Kocik, 1993: Marine survival of North American and European
Atlantic salmon: effects of growth and environment. J. Mar. Sci., 50, 481-492.
Fromentin, J.-M. and B. Planque, 1996: Calanus and environment in the eastern North Atlantic. II. Influence
of the North Atlantic Oscillation on C.finmarchicus and C.helgolandicus. Mar. Ecol. Prog. Ser., 134, 111-
118.
Frye, D.E., K.W. Doherty, A.A. Hinton, and J.M. Toole, 1996: A moored, profiling instrument for long-
term hydrographic observations. EOS, 76 no. 3 suppl. pg OS77.
Graf, H.F., I. Kirchner, and J. Perlwitz, 1998: Changing lower stratospheric circulation: The role of ozone
and greenhouse gases. J. Geophys. Res., 103, 11251-11261. 
5. North Atlantic Oscillation (D1)
 
189
 
Greatbach, R. J. and K. A. Peterson, 1996: Interdecadal variability and oceanic thermocline adjustment. J.
Geophys. Res., 101, 20467-20482.
Griffies, S. M. and E. Tziperman, 1995: A linear thermohaline oscillator driven by stochastic atmospheric
forcing. J. Climate, 8, 2440-2453.
Griffies, S. M. and K. Bryan, 1997: Predictability of North Atlantic multidecadal climate variability. Sci-
ence, 275, 181-184.
Grötzner, A., M. Latif, and T.P. Barnett, 1998: A decadal cycle in the North Atlantic as simulated by the
ECHO coupled GCM. J. Climate, 11, 831-847.
Hansen, D. V. and H.F. Bezdek, 1996: On the nature of decadal anomalies in North Atlantic Sea Surface
Temperature. J. Geophys. Res., 101, 9749-58
Hasselmann, K., 1976: Stochastic climate models. Part I: Theory. Tellus, 28, 473-485.
Houghton, R.W., 1996: Subsurface quasi-decadal fluctuations in the North Atlantic. J. Climate, 9, 1363-
1373.
Hurrell, J.W., 1995a: Decadal trends in the North Atlantic Oscillation: regional temperatures and precipita-
tion. Science, 269, 676-679.
Hurrell J.W., 1995b: An evaluation of the transient eddy forced vorticity balance during northern winter. J.
Atmos. Sci., 52, 2286-2301.
Hurrell, J.W., 1996: Influence of variations in extratropical wintertime teleconnections on Northern Hemi-
sphere temperature. Geophys. Res. Lett., 23, 665-668.
Hurrell, J.W. and H. van Loon, 1997: Decadal variations in climate associated with the North Atlantic Os-
cillation. In: Climate Change. Proc. Int. Workshop on Climatic Change at High Elevation Sites, Wengen,
Switzerland.
IPCC (Intergovernmental Panel on Climate Change), 1990: Climate Change, the IPCC Scientific Assess-
ment. Eds.: J.T. Houghton, G.J. Jenkins, and J.J. Ephraums, Cambridge University Press, Cambridge, 365
pp.
IPCC (Intergovernmental Panel on Climate Change), 1992: Climate Change 1992: The supplementary re-
port to the IPCC Scientific Assessment. Eds.: J.T. Houghton, B.A. Callander, and S.K.Varney, Cambridge
University Press, Cambridge, 198 pp.
IPCC (Intergovernmental Panel on Climate Change), 1996: Climate Change 1995. The science of climate
change. Eds.: J.T. Houghton, L.G. Meira Filho, B.A. Callander, N. Harris, A. Kattenberg, and K.Maskell,
Cambridge University Press, Cambridge, 572 pp.
Jones, P.D., 1994a: Hemispheric surface air temperature variations: a reanalysis and an update to 1993. J.
Climate, 7, 1794-1802.
Jones, P. D., 1994b: Recent warming in global temperature series. Geophys. Res. Lett., 21, 1149-1152.
Jones, P.D., T. Jonsson, and D. Wheeler, 1997: Extension to the North Atlantic Oscillation using early in-
strumental pressure observations from Gibraltar and SW Iceland. Int. J. Clim., 17, 1433-1450.
Joyce, T.M. and P. Robbins, 1996: The long-term hydrographic record at Bermuda. J. Climate, 9, 3121-
3131. 
III. The CLIVAR Principal Research Areas
190
Karl, T.R., V.E. Derr, D.R Easterling, C. Folland., D.J. Hoffman, S. Levitus, N. Nicholls, D. Parker, and
G.W. Withee, 1995: Critical issues for long-term climate monitoring. Clim. Change, 31, 185-221.
Kent, E.C., P.K. Taylor, B.S. Truscott, and J.S. Hopkins, 1993: The accuracy of voluntary observing ships
meteorological observations-results from the VSOP-NA. J. Atmos. Ocean. Tech., 10, 591-608. 
Kerr, R.A., 1997: A new driver for the Atlantic’s moods and Europe’s weather? Science, 275, 754-755.
Kodera, K., M. Chiba, H. Koide, A. Kitoh, and Y. Nikaidi, 1996: Interannual variability of winter strato-
sphere and troposphere in the Northern Hemisphere. J. Meteor. Soc. Japan, 74, 365-382.
Kolatschek, J., H. Eicken, V.Yu, Alexandrov, and M. Kreyscher, 1996: The sea-ice cover of the Arctic
Ocean and the Eurasian marginal seas: A brief overview of present day patterns and variability. In: Berichte
zur Polarforschung, Eds.: R.Stein, G.I. Ivanov, M.A. Levitan, and K. Fahl, 212, Alfred-Wegener-Institut für
Polar- und Meeresforschung, Bremerhaven, Germany, 2-18.
Kushnir, Y., 1994: Interdecadal variations in North Atlantic sea surface temperature and associated atmos-
pheric conditions. J. Climate, 7. 142-157.
Kushnir Y., 1996: The pattern of Atlantic decadal ocean-atmosphere interaction: link to global SST varia-
bility and climate over the continents. Proceedings of the 1996 meeting of the Atlantic Climate Change Pro-
gramme. Ed., A-M Wilburn, AOML, Miami.
Kushnir, Y., V.J. Cardone, J.G. Greenwood, and M. Cane, 1997: On the recent increase in North Atlantic
wave heights. J. Climate, 10, 2107-2113.
Lamb, H.H. and R.A. Pepler, 1987: North Atlantic Oscillation. Concept and application. Bull. Amer. Me-
teor. Soc., 68, 1218-1225.
Latif, M. and T.P. Barnett, 1996: Decadal climate variability over the North Pacific and North America:
Dynamics and predictability. J. Climate, 9, 2407-2432. 
Latif, M., 1998: Dynamics of interdecadal variability in coupled ocean-atmosphere models. J. Climate, 11,
602-624.
Lavin A., H. Bryden, and G. Parrilla, 1998: Meridional transport and heat flux variations in the subtropical
North Atlantic. Global Atmos. Ocean System, in press.
Lazier, J.R.N., 1995: The salinity decrease in the Labrador Sea over the past thirty years. In: Natural climate
variability on decade-to-century time scales. Eds.: D.G. Martinson, K. Bryan, M. Ghil, M.M. Hall, T.M.
Karl, E.S. Sarachik, S. Sorooshian, and L.D. Talley. National Academy Press, Washington, D.C., 295-303.
Levitus S., J. Antonov, and T. Boyer, 1994: Interannual variability of temperature at a depth of 125 m in the
North Atlantic Ocean. Science, 266, 96-99.
Namias J., 1951: The Great Pacific Anticyclone of Winter 1949-50: A case-study in the evolution of climat-
ic anomalies. J. Met., 8, 251-261.
Nicholls, N., G.V. Gruza, J. Jouzel, T.R. Karl, L.A. Ogallo, and D.E. Parker, 1996: Observed climate
change and variability. In: Climate Change 1995: The Science of Climate Change. The Second Assessment
Report of the IPCC: Contribution of Working Group I. Eds.: Houghton, J.T., L.G. Meira Filho, B.A. Cal-
lander, N. Harris, A. Kattenberg, and A. Maskell, Cambridge University Press, pp 133-192.
Marsh R., 1997: Cooling in the northwest Atlantic due to Labrador Current strengthening at minima of the
North Atlantic Oscillation. J. Climate, in press.5. North Atlantic Oscillation (D1)
191
McCartney M.S., R.G. Curry, and H.F. Bezdek, 1997: Interdecadal variability of subpolar warm-to-cold
transformation of subtropical waters and the North Atlantic Oscillation. Science, in prep.
Macdonald A.M. and C. Wunsch, 1996: A global estimate of the ocean circulation and heat fluxes. Nature,
382, 436-439.
McLaughlin, F.A., E.C. Carmack, R.W. Macdonald, and J.K.B. Bishop, 1996: Physical and geochemical
properties across the Atlantic/Pacific water mass front in the southern Canadian Basin, J. Geophys. Res.,
101, 1183-1197.
Molinari, R.L., D.A. Mayer, J.F. Festa, and H.F. Bezdek, 1997: Multi-year variability in the near-surface
temperature structure of the midlatitude western North Atlantic Ocean. J. Geophys. Res., 102, 3267-3278.
Moses, T., G.N. Keladis, H.F. Diaz, and R.G. Barry, 1987: Characteristics and frequency of reversals in
mean sea level pressure in the North Atlantic sector and their relationship to long-term temperature trends.
Int. J. Climatology, 7, 13-30.
Moulin, C., C.E. Lambert, F. Dulac, and U. Dayan, 1997: Control of the atmospheric export of dust from
North Africa by the North Atlantic Oscillation. Nature, 387, 691-694.
Myers, R.A., J. Helbig, and D. Holland, 1989: Seasonal and interannual variability of the Labrador Current
and West Greenland Current. ICES CM 1989/C:16, l8pp.
Mysak, L.A., R.G. Ingram, J. Wang, and A. van der Baaren, 1996: The anomalous sea-ice extent in Hudson
Bay, Baffin Bay and the Labrador Sea during three simultaneous NAO and ENSO episodes, Atmos.-Ocean,
34, 313-343.
Perlwitz, J. and H-F. Graf, 1995: The statistical connection between tropospheric and stratospheric circula-
tion of the Northern Hemisphere in winter. J. Climate, 8, 2281-2295.
Reverdin, G., D.R. Cayan, and Y. Kushnir, 1997: Decadal variability of hydrography in the upper northern
North Atlantic, 1948-1990. J. Geophys. Res., 102, 8505-8533.
Rhines, P., 1994: Climate change in the Labrador Sea, its convection and circulation. In: Atlantic Climate
Change Programme: Proceedings of the PI's meeting, Princeton, May 9-11, 1994, 85-96.
Robock, A. and J. Mao, 1992: Winter warming from large volcanic eruptions. Geophys. Res. Lett., 19,
2405-2408.
Roemmich, D.H. and C. Wunsch, 1985: Two transatlantic sections: Meridional circulation and heat flux in
the subtropical North Atlantic Ocean. Deep-Sea Res., 32, 619-664.
Rogers, J.C., 1984: The Association between the North Atlantic Oscillation and the Southern Oscillation in
the Northern Hemisphere. Mon. Wea. Rev., 112, 1999-2015.
Rogers, J.C., 1990: Patterns of low-frequency monthly sealevel pressure variability (1899-1986) and asso-
ciated wave cyclone frequencies. J. Climate, 3, 1364-1379.
Spall, M. A., 1996: Dynamics of the Gulf Stream/Deep Western Boundary Current crossover. Part II: low-
frequency internal oscillations. J. Phys. Oceanogr. 10, 2170-2182.
Sutton, R.T. and M.R. Allen, 1997: Decadal predictability in Gulf Stream sea surface temperature. Nature,
388, 563-567.
Swift J.H., E.P. Jones, K. Aagaard, E.C. Carmack, M. Hingston, R.W. Macdonald, F.A. McLaughlin, and
R.G. Perkin, 1997: Waters of the Makarov and Canada Basins. Deep-Sea Res. Part II, 44, 1503-1529.III. The CLIVAR Principal Research Areas
192
Talley, L.D., 1996: North Atlantic circulation and variability, reviewed for the CNLS Conference, Los Ala-
mos, May 1995. Physica D, 98, 625-646.
Till, C., 1985: Recherches dendrochronologiques sur le Cedre de l’Atlas (Cedrus atlantica (Carriere)) au
maroc. Phd Thesis, Université Catholigue de Louvain, Louvain-La-Neuve, Belgium.
Timmermann, A., M. Latif., R. Voss, and A. Grötzner, 1998: North Atlantic variability: a coupled air-sea
mode. J. Climate, 11, 1906-1931.
Thompson, J. D. and W. J. Schmitz, 1989: A limited area model of the Gulf Stream: design, initial experi-
ments, and model-data intercomparison. J. Phys. Oceanogr., 19, 791-814.
Trenberth, K.E., 1997: Using atmospheric budgets as a constraint on surface fluxes. J. Climate, 10, 2796-
2809.
Trenberth, K.E. and A. Solomon, 1994: The global heat balance: heat transports in the atmosphere and
ocean. Climate Dynamics, 10, 107-134.
Trenberth, K. E. and J. W. Hurrell, 1994: Decadal atmosphere-ocean variations in the Pacific. Clim. Dyn.,
9, 303-319.
Vinje, T., N. Nordlund, S. Osterhus, R.Korsnes, A. Kvambekk, and E. Nost, 1998: Monitoring ice thickness
in Fram Strait. J. Geophys. Res., 103, 10437-10450.
Walker, G.T. and E.W. Bliss, 1932: World weather V. Mem. Roy. Meteorol. Soc., 4, 53-84.
Wallace, J.M., Y. Zhang, and L. Bajuk, 1996: Interpretation of interdecadal trends in Northern Hemisphere
surface air temperature. J. Climate, 9, 249-259.
Weller, R.and S.P. Anderson, 1996: Surface meteorology and air-sea fluxes in the western equatorial Pacif-
ic warm pool during TOGA coupled ocean-atmosphere response experiment. J. Climate, 9, 1959-1990.
White, J.W.C., D. Gorodetzky, E.R. Cook, and L.K. Barlow, 1996: Frequency analysis of an annually re-
solved, 700 year paleoclimate record from the GISP-2 ice core: Climatic variations and forcing mechanisms
of the last 2000 years. Eds.: P.D. Jones R.S. Bradley and J. Jouzel, NATO ASI Series, 1, 41 Springer Berlin,
193-212. 
III. The CLIVAR Principal Research Areas
 
194
Fig. 6.2: SST fields simulated by a hybrid coupled general circulation model forced with wind-noise with both
dynamic and thermodynamic coupling (a=1.35, b =1.05). The dipole pattern shown in (a) was generated using
a regression analysis with a dipole index shown in (b) derived by differencing the model SSTs averaged over
a 15
 
o
 
x15
 
o
 
 area in each hemisphere indicated by two rectangles. The dipole pattern is insensitive to the choice
of the index. The two areas were chosen because of the best availability of the 100-year SST observations in
these regions. The 100-year (1890-1990) observed monthly mean SST time-series were derived based on the
UK Meteorological Office Main Marine Data Bank by area-averaging over the two regions. The observed SSTs
were compared with similar SST time-series derived from model simulations via a spectral analysis. The SST
spectra in the Southern and Northern Hemispheres are shown in (c) and (d), where solid lines are for observa-
tions, dash-dotted and dotted lines are for simulations with a=1.35, b=1.05 and a=b=0, respectively. The SST
spectra were estimated using the Hanning window with a bandwidth M=240 months and were normalised by
their own variance. The standard deviations of the observed SST in the Northern and Southern Hemispheres
are about 0.5
 
o
 
C. Similar values for the simulated SSTs are about 0.3
 
o
 
C for a=1.35, b=1.05 and are less than
0.1
 
o
 
C for a=b=0 (after Chang et al., 1997).
 
Of particular importance to the rainfall in Northeast Brazil and, to some less extent, the rainfall in the
Sahel region of Africa is the variation of the interhemispheric SST gradient. Many empirical studies in the
past have consistently shown an intimate relationship between Northeast Brazil rainfall and the surface cir-
culation/SST anomalies in the tropical Atlantic. The composite of anomalously wet years minus the com-
posite of anomalously dry years in Northeast Brazil yields a dynamically consistent picture: The
Intertropical Convergence Zone (ITCZ) is displaced southward; south equatorial Atlantic surface waters are
anomalously warm, while waters in much of the tropical north Atlantic are anomalously cold; positive/neg-
ative sea level pressure departures in the north/south tropical Atlantic drive a counterclockwise anomalous 
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surface circulation, weakening southeasterly trades south of the equator and strengthening Northeasterly
trades north of the equator (Hastenrath and Heller, 1977; Markham and McLain, 1977; Moura and Shukla,
1981; Hastenrath, 1984a; Lough, 1986). More recently, Harzallah et al. (1996) and Enfield (1996) present
evidence that Northeast Brazil rainfall is influenced by two different dynamical processes: on interannual
time scales El Niño related SST anomalies in the tropical Pacific exert a strong “remote” influence on
Northeast Brazil rainfall; on decadal time scales the variation of the interhemispheric SST gradient in the
tropical Atlantic dominates rainfall dynamics. Fig. 6.1 shows correlation between average February through
May precipitation in Northeast Brazil and sea-surface temperature anomalies in the eastern tropical Pacific
and Atlantic. Consistent with the empirical analyses described above, the pattern in the tropical Atlantic
Ocean exhibits a “dipole” with positive correlation values south of the thermal equator and negative values
on the opposite side. It is obvious from Fig. 6.1 that Northeast Brazil rainfall tends to be more strongly cor-
related with Atlantic sea surface temperatures than with Pacific sea-surface temperatures. Furthermore, the
pattern of alternating sign correlations extends from the tropics into the north Atlantic region. Namias
(1972) pointed out that increased cyclonic activity in the Newfoundland area is statistically associated with
positive rainfall anomalies in Northeast Brazil, suggesting a linkage between the “North Atlantic Oscillation
(NAO)” and tropical Atlantic climate variability. Nobre and Moura (1984) find a standing wave train in the
upper-air circulation over the Atlantic sector accompanied by Northeast Brazil rainfall anomalies. In sum-
mary, the coexistence of preferred time scales of variability in the tropical Atlantic and rainfall variability
in surrounding continents is remarkable. The cross-equatorial SST gradient plays a key role in determining
the regional climate variability surrounding the tropical Atlantic basin. However, the origin of the SST var-
iability is not yet understood and has been the subject of considerable debate in recent years.
Two competing hypotheses have been put forward to explain the variability of the cross-equatorial
SST gradient. One hypothesis postulates that decadal variations of the interhemispheric SST gradient stem
from regional ocean-atmosphere positive feedbacks involving primarily SST and wind-induced latent heat
flux (Chang, 1997; Carton et al., 1996). Although it is generally expected that air-sea heat exchange will be
important in generating SST anomalies off the equator, Carton et al. (1996) demonstrate quantitatively that
the wind-induced latent heat flux acts to enhance SST variability both north and south of the equator in the
tropical Atlantic Ocean. Chang et al. (1997) further suggest that there is a mutual interaction between the
wind-induced heat flux and SST in that the SST anomalies maintain the anomalous wind pattern and thus
the surface heat flux anomalies, while ocean processes set the slow time scale of variability. Coupled model
experiments indicate that in a realistic parameter regime the cross-equatorial SST gradient oscillates on a
time scale around 13 years (Fig. 6.2) (Chang et al., 1997). Dynamically, this mechanism is consistent with
the relationship between the rainfall variability and surface circulation revealed by the empirical analyses
(Hastenrath and Heller, 1977; Markham and McLain, 1977; Moura and Shukla, 1981). It is noteworthy,
however, that although this air-sea interaction hypothesis assumes that the circulations on both sides of the
equator are related, it does not require that SST changes in each hemisphere must be simultaneous as in a
perfect SST dipole. What is fundamentally important is the variability of the interhemispheric SST gradient.
The other hypothesis views that the development of SST anomalies on either side of the equator is
dynamically independent and controlled by processes in each hemisphere (Houghton and Tourre, 1992; En-
field and Mayer, 1997; Mehta, 1998). Although principal component analysis indicates a dipole-like SST
mode with a preferred time scale around 13 years (Hastenrath, 1978; Servain, 1991; Mehta and Delworth,
1995; Mehta, 1998) (Fig. 6.3), Houghton and Tourre (1992) argue that the SST “dipole” structure is not sta-
ble, because it can separate (under rotation) into modes where the explained variability is heavily weighted
on one side of the equator or the other, suggesting a true SST “dipole” does not really exist. Recent studies
indicate that tropical Atlantic SST and wind fields are regularly affected by Pacific ENSO on an interannual
time scale (Hastenrath et al., 1987; Hameed et al., 1993; Nobre and Shukla, 1996; Enfield and Mayer, 1997).
In particular, Enfield and Mayer (1997) show that the ENSO-induced Atlantic SST fluctuations lag their
Pacific counterparts by 4-5 months and that the ENSO impact appears to be strongest in the western flank
of the tropical north Atlantic. Mehta (1998) suggests that decadal SST anomalies travel into the tropical At-
lantic from the extra-tropical Atlantic along the eastern boundaries of the basin. Penland and Matrosova
(1998) present evidence that the tropical Atlantic dipole is a real phenomenon, but that the influence of the
Pacific often disrupts the northern branch so that the dipole structure is “unstable”. Taking the viewpoint
that SST anomalies occur independently on either side of the equator, the variation of interhemispheric SST
gradient may not have preferred time scales. Therefore, this hypothesis postulates that variability of the
cross-equatorial SST gradient is largely stochastic in nature. 
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Fig. 6.3: Empirical Orthogonal Function (EOF) analysis over the domain 30
 
o
 
S - 30
 
o
 
N. Annual-average sea sur-
face temperature anomalies from the GOSTA were used. (a) First EOF multiplied by 10 (contour interval one
unit). (b) percent of the total variance “explained” by PC1 in each grid box (contour interval 10%, interval be-
tween thick and thin contours 5%), (c) first Principal Component (PC) amplitude (C) time-series, and (d) esti-
mated normalised Fourier spectrum (bars) of the first PC amplitude time-series, the 95% confidence level (light
line) for the Fourier spectral peaks obtained with the Monte Carlo technique, and the normalised maximum en-
tropy spectrum (heavy line) of the SSA-filtered PC time-series (Mehta, 1998). 
 
In addition to interhemispheric SST anomalies, a mode of variability similar to the Pacific ENSO has
also been identified in the tropical Atlantic Ocean (Covey and Hastenrath, 1978; Philander, 1986; Zebiak,
1993 and Carton and Huang, 1994). Although it is much weaker than its Pacific counterpart, the Atlantic
equatorial SST anomalies can have an effect on rainfall in the Gulf of Guinea (Wagner and da Silva, 1993).
As in the Pacific, equatorial waves and remote wind forcing play a significant role in the generation of SST
anomalies on the interannual time scale (McCreary et al., 1984; Hirst and Hastenrath, 1983 a, b). However,
the Atlantic ENSO mode appears to be stable (Zebiak, 1993), as expected from delayed oscillator theory
(Battisti, 1988). Hence, the Atlantic ENSO variability is likely to be forced by external stochastic forcing.
Delecluse et al. (1994) suggest that the Pacific ENSO provides one possible source of external forcing for
interannual SST variability in the eastern equatorial Atlantic. 
Gu and Philander (1997) hypothesise that exchange between extratropical and tropical water masses
through thermocline ventilation can cause decadal changes in the equatorial thermocline depth which in turn
can modify ocean-atmosphere interactions and give rise to decadal SST variability. Hansen and Bezdek
(1996) presented observational evidence of anomalous SST variability on decadal scales extending into the
tropical Atlantic along the preferred path of the subtropical gyre. However, the full extent to which these
tropical-extratropical ocean exchange processes affect Atlantic SST variability is unknown.
While air-sea interactions may be instrumental in determining the origin of the interhemispheric SST
anomalies and rainfall variability in Northeast Brazil, other positive feedbacks involving processes over
land may also play a role in the persistence of anomaly rainfall regimes in Sub-Saharan Africa and other 
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regions. Charney (1975) and Charney et al. (1977) propose a “biogeophysical feedback mechanism” in
which deterioration of the vegetation cover over land can lead to a reduction of surface net radiation, which
in turn enhances subsidence and reduces cloudiness and precipitation. The decreased rainfall would further
diminish the vegetation cover and so on. Courel et al. (1984) present evidence of decreased albedo during
dry season in the Sahel which is consistent with changes in plant cover. These land feedback processes need
to be further examined in a fully coupled system.
Forecasting studies of the Atlantic climate variability are in their infancy, although a limited investi-
gation has been made into the possibility of predicting rainfall (Hastenrath, 1984b, 1990; Ward and Folland,
1991; Folland et al., 1991; Hastenrath and Greishar, 1993; Graham, 1995) and of predicting tropical Atlan-
tic SSTs (Chang et al., 1998; Penland and Matrosova, 1998). The rainfall prediction studies suggest that sea-
sonal rainfall variability in Northeast Brazil is predictable a few seasons in advance when combined SST
anomalies from both the tropical Pacific and Atlantic are used (Fig. 6.4). However, the Atlantic anomalies
appear to have stronger impacts on the skill of these forecasts than the Pacific anomalies (Hastenrath,
1984b, 1990; Hastenrath and Greishar, 1993; Graham, 1994), confirming the importance of regional SSTs
in the tropical Atlantic climate variability. Preliminary prediction studies using a regional coupled ocean-
atmosphere model of the tropical Atlantic have indicated that the low-frequency SST variability in the sub-
tropics of the northern Atlantic Ocean is predictable several years ahead, albeit at modest levels of skill
(Chang et al., 1998) (Fig. 6.5). The results suggest that atmosphere-ocean interactions enhance predictabil-
ity of the decadal SST variation beyond the persistence time, strengthening the air-sea interaction hypothe-
sis. Penland and Matrosova (1998) and Chang et al. (1998) further argue that the remote influence of the
Pacific, primarily due to ENSO, enhances the predictability of SST in the north Atlantic at short lead times
(
 
£
 
 1 year), whereas local ocean-atmosphere interactions dominate the predictable dynamics at longer time
scales. Although these studies show promise for decadal climate forecast in the tropical Atlantic basin, the
robustness of these results needs to be further examined. More importantly, it remains to be shown whether
or not the prediction of decadal SST variability can improve seasonal rainfall forecasts. 
 
Fig. 6.4: Correlations between observed and simulated precipitation (upper) and between observed and predict-
ed precipitation (lower). The simulated precipitation is based on an ensemble average of 5 runs of ECHAM3
GCM (T42L19) forced with the observed SST for JJA 1970-91. The predicted precipitation is based on the
same atmospheric GCM using persisted May SSTs (Graham, 1994).
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3.  Can the tropical Atlantic SST variability be better described as a self-sustained oscillator due to un-
stable air-sea interactions or as a stable dynamical system driven by stochastic processes? 
4.  How do the tropical Atlantic SST anomalies influence the regional and global atmospheric circula-
tions? 
5.  What are the factors that control air-sea fluxes, convection, and SSTs, especially the physical mech-
anisms that link anomalous SST with anomalous rainfall? 
6.  How important are land processes in determining rainfall variability? 
7.  What are the dominant oceanic processes that regulate low-frequency SST fluctuations in the trop-
ical Atlantic? 
8.  What are the interrelations between the interhemispheric and equatorial SST variability, and how
do they interact with the seasonal cycle? 
Various modelling approaches are envisioned, with stand-alone atmospheric and oceanic models, as
well as coupled models. For example, atmospheric experiments in which the evolving pattern of SST in dif-
ferent basins of the oceans is prescribed must be conducted to examine the atmospheric linkages between
the tropical Atlantic and other ocean basins. Of particular interest is the examination of the atmospheric re-
sponse to interhemispheric SST perturbations and its relation to rainfall variability in Northeast Brazil.
These experiments will be crucial to improve our understanding of the underlying dynamics determining
the surface circulation, surface heat flux and atmospheric connections between tropical and extra-tropical
climate variability in the Atlantic. Oceanic experiments in which different forms of atmospheric forcing are
specified in the tropical and extra-tropical Atlantic Ocean must be carried out to gain an understanding of
oceanic processes that govern SST evolution and the importance of gyre exchange processes on tropical
SST variability. Special emphasis should be placed on understanding the role of ocean dynamics in off-
equatorial SST variability. A rigorous evaluation must be carried out to understand the oceanic conduit be-
tween high latitude processes and tropical SST variability. The extent to which thermocline ventilation in
extra-tropical regions involving detrainment or subduction of mixed layer water and horizontal advection
of the water along isopycnal surfaces may remotely influence the tropical thermocline must be carefully ex-
amined. Coupled model experiments must be performed with and without the influence of remote forcing
to evaluate relative importance of regional air-sea interactions and the impact of SSTs in other ocean basins
on tropical Atlantic SST variability. External forcing must include the deterministic forcing associated with
climate anomalies, such as ENSO teleconnected into the Atlantic basin, and the stochastic forcing associat-
ed with dynamical instabilities internal to either the atmosphere or ocean. Co-ordination of these efforts
with the CLIVAR NEG panels should prove to be beneficial and important.
Seasonal prediction of rainfall variability over Northeast Brazil has been carried out using both sta-
tistical and dynamical models (Hastenrath, 1984b, 1990; Ward and Folland, 1991; Folland et al., 1991;
Rowell et al., 1992; Semazzi et al., 1993; Hastenrath and Greishar, 1993; Graham, 1994). These studies in-
dicate that the rainfall variability in this region is predictable a few seasons in advance provided that accu-
rate SST information in both the tropical Atlantic and Pacific Oceans is given. It is further shown that the
skill of the rainfall forecasts depends more strongly on the Atlantic SST than its Pacific counterpart, sug-
gesting the importance of the regional SST influences. Although operational SST forecasts are now being
made routinely in the tropical Pacific, few attempts have been made to predict the Atlantic SST variability.
However, recent forecast experiments using a coupled dynamical model of the tropical Atlantic Ocean and
a statistical model show promise of decadal SST prediction in the tropical Atlantic Ocean (Penland and Ma-
trosova, 1998; Chang et al., 1998). Prediction efforts within CLIVAR should be built upon current success-
es to further address issues such as: 
1.  How predictable are the interhemispheric SST anomalies, and how predictable is the equatorial At-
lantic SST variability? 
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4.  compiling long-term rain gauge observations over Central and South America; 
5.  gathering various proxy data sources, such as corals, tree rings, and ice cores, for paleoclimatic re-
construction of variability in many aspects of tropical Atlantic climate.
The sparse long-term observations, especially in the oceans, impose severe limitations on applica-
tions of historical data sets to climate studies. Diagnostic analyses are essential to provide interpolation be-
tween, and extrapolation from, observations in order to provide estimates of climate system. One effective
approach is to assimilate various historical data sets into a numerical model. An Atlantic Ocean assimilation
system has been running in a quasi-operational mode at the NCEP. A retrospective analysis of XBT and
SST observations for 1980-89 has been generated using COADS surface winds and heat flux. Future im-
provements of the system are planned, including a more sophisticated mixing parameterisation, and an up-
dated assimilation system allowing the assimilation of satellite altimetry observation. Similar assimilation
efforts in the Atlantic Ocean should be supported by CLIVAR. A strategy should be developed to assess
advantages and drawbacks of the various assimilation techniques, as well as effectiveness of various obser-
vations in estimating the state of the ocean. Data assimilation may also be vital in preparing initial condi-
tions for climate predictions in the tropical Atlantic. An optimal interpolation has been used to fill the data
gap in the observed SST dated back to 1856 (Kaplan et al., 1997). Such a century long data set is invaluable
for the study of decadal climate variability. Further studies are needed to assess the reliability of the inter-
polated data sets.
Instrumental data alone may not be enough to provide information about decadal climate variability
because of its limited time span. Paleoclimate data can offer views into the past unavailable from other
sources and provide a test-bed for numerical models of the ocean and atmosphere. The combination of in-
strumental, paleoclimate, and modelling approaches can offer substantial new insights into tropical climate
variability. There is a new PAGES-CLIVAR initiative on Annual Records of Tropical Systems (ARTS) that
promotes the synthesis of paleoclimatic with instrumental and modelling perspectives to address significant
uncertainties in our understanding of tropical climate variability (Cole, 1997). There are some sources of
paleoclimate data available in the tropical Atlantic sector, including coral, tree rings, varved sediments and
ice cores. Most coral data which offer records of tropical SST variability are in Caribbean/Gulf of Mexico
region. A few scattered tree-ring and varved sediment records also exist in Africa. A focused effort on the
analysis of existing records is under way to determine the needs and priorities of future sampling. Since
paleoclimatic reconstructions provide the only source of information on long-term changes in the tropical
climate variability and its teleconnections, it is very important to further expand the paleoclimatic data base
in the tropical Atlantic sector. Approaches need to be explored to integrate paleoclimatic and instrumental
data sets into climate models.
Empirical studies based on historical data sets can provide important clues about how various parts
of climate system are internally linked and interact. For the tropical Atlantic climate variability, the empir-
ical analyses should be focused on issues such as 
1.  relationships between the northern and southern component of the Atlantic dipole, tropical Atlantic
and Pacific SSTs, and tropical and extratropical Atlantic SSTs; 
2.  relative importance of the tropical Atlantic and Pacific SSTs' influence on rainfall variabilities over
America and Africa; 
3.  linkages between SST, winds and surface heat flux near and off the equator; 
4.  oceanic and atmospheric processes that control cross-equatorial SST gradient variability; 
5.  interrelations among Atlantic dipole, equatorial modes and the seasonal cycle; 
6.  potential links between the SST variability of the dipole mode south of the equator and the changes
to the South Atlantic Convergence Zone (SACZ).  
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an event are not well understood, it is however likely that a more or less complete collapse of the thermo-
haline circulation could be triggered by changes in surface conditions leading to fresher and/or warmer sea
surface in high latitudes. Results of coupled models (Manabe and Stouffer, 1995) indicate that a substantial
climate change, in particular over the North Atlantic and European regions, would follow a complete break-
down of the thermohaline circulation.
 
Fig. 7.2: Anomalous surface currents (vectors) and sea surface salinity (SSS; shading) at the time of coldest
temperatures in the Denmark Strait. Prior to the phase of the oscillation depicted here, there was a buildup of
fresh water in the Arctic. This fresh water then exited the Arctic through Fram Straits and the East Greenland
Current, leading to an anomalously fresh Greenland Sea. Associated with this was a strengthening of the model
East Greenland current (Delworth et al., 1997). 
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Fig. 7.4: North Atlantic convection patterns for six equilibrium solutions (all except bottom left having identical
surface forcing) of the global ocean model by Rahmstorf (1995) which has been coupled to a highly simplified
model of atmospheric heat transport. The height of the column indicates the depth of convection, and the shad-
ing indicates the amount of heat (in Wm
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to that at the beginning of TOGA: phenomena are evident but are insufficiently defined and poorly under-
stood, yet they have important climate and societal impacts. The prospects for filling the knowledge gaps
and eventually learning to predict decadal variability is the motivation for this D4 programme.
 
Fig. 8.2 a) (upper panel): Spatial patterns of the leading two R-EOF modes of monthly mean global-scale SST
anomalies based on data for 34 years from January 1955 to December 1988, derived from the R-EOF analysis.
Contour interval is 2.0 in relative units.
b) (lower panel): Time coefficient (i.e. factor scores) of the first two R-EOF modes over 34 years from January
1955 to December 1988 (Kawamura, 1994). 
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hance the original SST anomalies. As the zonal winds near the SST anomaly decrease, the wind stress curl
decreases leading to a general spin down of the entire subtropical gyre on time scales of a decade or so. As
the subtropical gyre spins down, the wind driven heat transport by the ocean decreases so that the original
warm SST is cooled. The process therefore involves both the fluxes at the surface and the wind-driven ocean
circulation in an essential way.
A completely different mechanism for decadal modes was given by Gu and Philander (1997) which
has the tropics affecting the mid-latitudes through the atmosphere but the mid-latitudes affecting the tropics
through the ocean. The zonally averaged circulation in the Pacific shows a shallow meridional overturning
cell that connects the tropics and subtropics (e.g. Hirst et al., 1996). This overturning involves equatorial
upwelling, poleward flow due to northward Ekman transport under the trade winds, subduction in the sub-
tropics and equatorward return flow in the upper thermocline due to southward Sverdrup transport.
Forced thus by both direct and indirect effects of the winds and thermohaline fluxes (McCreary and
Lu, 1994; Liu et al., 1996), this cell helps determine the equatorial SST, the amount of tropical heat exported
to the subtropics and thermocline stratification throughout the region. Variability of all these processes is
likely on all time scales; forcing at one latitude is eventually felt at another. Mean streamlines into the trop-
ics appear to originate in the south central and eastern parts of the subtropical gyre (Talley, 1985; Fine et
al., 1994; Gu and Philander, 1997; Blanke and Raynaud, 1996). The associated shallow overturning circu-
lation is completed with upwelling in the tropics. The detailed pathways for this equatorward transport are
not known; observations and GCMs show anomalous exchange in the central North Pacific (McPhaden and
Fine, 1988) in addition to significant exchange along the western boundary (e.g. Fine et al. 1994, and Blanke
and Raynaud, 1996, their Fig. 3). Although there have never been any direct velocity observations of this
connection, direct inference of such a connection is given by Deser et al. (1996) where an anomalous cold
blob of water is shown to travel roughly along isopycnals equatorward from 1977 to 1986 but never actually
reaching the equatorial zone.
However, the decadal time scale is similar to ocean advection time scales. Several coupled ocean-
atmosphere feedback scenarios (especially that of Gu and Philander, 1997) are based on subduction of sub-
tropical temperature anomalies. Most of the feedback hypotheses for the Pacific involve the upper ocean,
from the mixed layer through the thermocline, both in the establishment and maintenance of teleconnec-
tions, as well as the local modification of the atmosphere.
Ocean-atmosphere feedbacks purely within the subtropical gyre have been suggested as a mecha-
nism. Strong westerlies cause a spin-up of the subtropical gyre and Kuroshio, resulting in injection of warm-
er water at mid-latitudes. The response to the mid-latitude positive SST anomaly is a reduction in strength
of the westerlies which then reduces the gyre strength and eventually results in a negative SST anomaly.
Interaction of the tropics and subtropics is another potentially important means by which the upper
ocean processes influence climate variability, possibly including the decadal modulation of ENSO. ENSO
signals are propagated to the subtropics in eastern boundary Kelvin waves and through atmospheric tele-
connections as well as the shallow overturning circulation mentioned previously. There are clear signatures
of ENSO over North America but the ocean's role in propagating these signals is unclear. 
We see that climate variability in the Pacific depends on a large number of processes and is not com-
pletely understood. The possibility of understanding and predicting Pacific decadal climate variations offers
an opportunity for Pacific countries to ameliorate adverse climate conditions and take advantage of favour-
able climatic variations. 
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Fig. 8.5: seasonal temperature anomalies (
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C) in the central Pacific region at selected depths. Note that the scale
for the temperature anomalies is different for each depth (Deser et al., 1996).8. Pacific and Indian Ocean Decadal Variability (D4)
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Fig. 9.1: Weddell Polynya: An enormous ice-free region amid the ice cover near the Weddell Sea formed during
three consecutive Southern Hemisphere winters. In these satellite images, which were made in September of
1974 (top), 1975 (middle) and 1976 (bottom), the white region represents the Antarctic landmass and grey shad-
ed regions represent ocean areas covered by various concentrations of sea ice. Dark grey regions are almost
completely covered by ice and light grey regions are ice-free. In summer the polynya disappeared with the melt-
ing of the ice cover. At its largest the polynya measured about 350 by 1000 kilometres. It had measurable effects
on the temperature of the underlying ocean at depths as great as 2500 meters (from Gordon and Comiso, 1988). 
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Fig. 9.2:
Top panels: time-longitude diagrams of interannual anomalies along 56
 
o
 
S in sea-level pressure (SLP), meridi-
onal wind stress (MWS), sea surface temperature (SST) and, along 5
 
o
 
 longitude increments, in meridional sea
ice extent (SIE). Negative and southward anomalies are shaded. The grey bars in all panels are synchronous in
time and space. Contour intervals are 1.0 hPa for SLP, 0.05 dyn cm
 
-2
 
 for MWS, 0.25
 
o
 
C for SST and 50 km for
SIE.
Bottom panels: two-dimensional auto-spectra of the above quantities, computed from unsmoothed monthly
anomalies. Positive wave-lengths denote eastward propagation. Contoured values are in power units of the
above quantities (units-squared times frequency), and are selected such that each contour is statistically inde-
pendent from its neighbours (from White and Peterson, 1996).
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Sustained observations of the following are needed:
1.  sea ice extent;
2.  ice thickness to evaluate freshwater impact of anomalies; 
3.  surface and sub-surface temperature and salinity in data-sparse areas of the southern oceans to de-
termine the internal ocean structure of the patterns and to examine the coupling between the polar
and subtropical modes, and to test mechanisms involving coupled instabilities.
 
Fig. 9.3: Simplified schematic summary of interannual variations in sea surface temperature (dark shading,
warm, light shading, cold), atmospheric sea-level pressure (bold H and L), meridional wind stress (denoted by
t), and sea-ice extent (grey lines), together with the mean course of the Antarctic Circumpolar Current (dotted
line). Sea ice extent is based on an overall 13-year average. Heavy black arrows depict the general eastward
motion of anomalies, and other arrows indicate communications between the Antarctic Circumpolar Current
and the more northerly subtropical gyres (after White and Peterson (1996)).
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ocean as AABW and Antarctic Deep Water. The path followed by a parcel of upwelled deep water depends
on the spatial and temporal variability in the pycnocline separating the cold surface layer from the relatively
warm deep water, which in turn depends very much on the freshwater fluxes. A dominant component of the
freshwater flux is the formation, transport and melting of sea ice.
Ice extent and volume are potentially an indicator of climate change. Changes in ice extent/volume
can feed back on the atmosphere and ocean via altered ocean-atmosphere heat exchange and vertical salt
flux. To date there is no evidence of a trend in the hemispheric extent of sea ice. Propagating anomalies of
ice extent, however, have been identified as part of the Antarctic Circumpolar Wave. Few observations of
ice thickness exist, so it is not possible to say whether there is any trend or identifiable anomaly pattern in
ice thickness or volume.
The main mode of deep ocean ventilation in the Southern Ocean is through formation of dense water
on the continental shelf, and subsequent sinking within slope plumes as AABW. Equation of state thermo-
baric and cabbling effects likely play a central role in the sinking process. In certain shelf areas salt accu-
mulation from sea ice formation can lead to the formation of high salinity shelf water. Some of this
relatively saline cold water slips off the shelf to the deep sea, and some flows below the ice shelves, diluted
slightly by glacial melt and cooled even further by the depressed freezing point induced by the elevated
pressure at the ocean - glacial ice contact. This process produces Ice Shelf Water, which provides for a sig-
nificant contribution to the shelf water sinking within the plumes, at least within the Weddell Sea. The total
amount of AABW formed in the continental margins is not as precisely known as are the components of
NADW. A best guess at this time is between 10 to 15 Sv of water colder than -1
 
o
 
C. The outflow of bottom
water in the western Weddell Sea is subject to significant seasonal and interannual variation (Fahrbach et
al., 1995). A gradual warming was recently detected (Fig. 9.4) over the time scale of 5 years which affected
large parts of the Weddell Sea Bottom Water (Fahrbach et al., 1997). 
 
Fig. 9.4: Potential temperature in the central Weddell Sea (65
 
o
 
37.6'S, 36
 
o
 
29.4'W) measured 50 m above the sea
floor in a water depth of 4740 m with moored instruments (dots for monthly mean values) and with conductiv-
ity-temperature-depth (CTD) sondes (crosses). The temperature increase in the bottom water layer coincides
with warming of the water masses entering into the Weddell Sea from the Antarctic Circumpolar Current (from
Fahrbach et al., 1997).
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Recent studies of the upwelling of relatively warm deep water (Gordon and Huber, 1990; Martinson,
1990, 1991; McPhee et al., 1996; Gordon et al., 1993) reveal the very delicate nature of static stability within
the Antarctic Zone. Upwelling and sinking occur at small spatial and temporal scales, making observation
and modelling exceedingly difficult. Slight changes to the pycnocline stability would alter the access of the
deep water heat and salt to the surface layer, and hence to the atmosphere and sea ice. The immense heat
supply of the deep water could remove the winter ice cover, should the winter pycnocline weaken sufficient-
ly. This happened for three years running in the Weddell Sea in the mid 70’s during the Weddell Polynya
phenomena (Gordon, 1982). Repeat surveys of the warm layer on the Greenwich Meridian indicate a warm-
ing trend since the early 1980s (Fig. 9.5). Might the Polynya mode of convection become more or less com-
mon in the future? If a Weddell Polynya becomes the rule rather than the anomaly, there would be a
complete change of the way the Southern Ocean ventilates the deep ocean, perhaps on a par with the turning
on and off the North Atlantic Deep Water (NADW) associated with the glacial cycles and other abrupt
changes in the global climate. 
 
Fig. 9.5: Potential temperatures obtained from repeat surveys of the warm layer on the Greenwich Meridian
indicate a warming trend since the early 1980s (from Gordon, pers. communication).
 
This focus is best approached by sustained observations of: atmospheric conditions over the Antarctic
zone; sea ice distribution and thickness; the drainage of cold deep and bottom water from sites of AABW
formation; and ocean circulation and stratification within the Antarctic zone. These observations are needed
to improve the simulation of sea ice in regional and global models. Additionally, a process oriented exper-
iment to investigate the formation mechanisms for AABW is needed before that important process can be
properly captured in ocean models. Should the Weddell Polynya re-appear it is recommended that an ob-
servational programme be launched to measure the active overturning processes associated with the polyn-
ya. 
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Fig. 10.3: Seasonal change in surface temperature from 1880 - 1889 to 2040 - 2049 in simulations
with aerosol effects included. Contours every 1
 
o
 
C. Upper panel: December to February; lower panel:
June to August (after IPCC, 1996; Hasselmann et al., 1995).
 
Uncertainties governing the rate and magnitude of climate change and sea level rise:
•  the factors controlling the distribution of clouds and their radiative characteristics;
•  the hydrological cycle including precipitation, evaporation and runoff;
•  the distribution and time evolution of ozone and aerosols and their radiative characteristics;
•  the response of the terrestrial and marine systems to climate change and their positive and neg-
ative feedbacks;
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Fig. 11.3: Evolution of the detection variable (computed with the optimal fingerprint) for 30-year trend patterns
for the observations with and without greenhouse gas signal (GHG), the average ((A+B)/2) of the simulations
A, B and simulation C. The time refers to the final year of the 30-year interval used to compute the trend pattern.
95% confidence intervals derived from three sets of variability data are also indicated. Experiments: C: with
greenhouse gas forcing only; A, B two simulations including aerosol effect. All simulations ECHAM3+LSG,
(Hegerl et al., 1997).
 
CLIVAR, through A2, can improve the current state of studies of climate change detection and attri-
bution thereby reducing some of the current uncertainties, through:
•  Ensuring the development of historical time-series of relevant climate data, with GCOS.
•  Ensuring the development of proxy climate data, in association with PAGES.
•  Ensuring the development of improved coupled models, through JSC/CLIVAR Working Group
on Coupled Modelling.
•  Ensuring the development of improved statistical techniques for climate change detection and
attribution.
•  Ensuring the development of historical time-series of natural and human forcings (including aer-
osols and ozone).
•  Ensuring long coupled ocean-atmosphere model integrations, with standard forcings from nat-
ural and human sources.
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In co-operation with the emerging oceanic components of the Global Climate Observing System un-
der the Global Ocean Observing System (GOOS) (i.e. Ocean Observations Panel for Climate), and the on-
going WOCE (World Ocean Circulation Experiment), CLIVAR will address, through its Upper Ocean
Panel, many issues associated with continuing and new requirements for ocean observations. This panel is,
like the activities of the numerical experimentation groups, not specifically focused on one particular core
project of CLIVAR but will cut across through the projects and time scales to integrate and co-ordinate the
specific upper ocean observational requirements of the CLIVAR principal research areas. At its meeting in
April 1998 the SSG also agreed to form as series of ocean basin panels to oversee detailed implementation.
The UOP will provide an integration across these regional panels.
CLIVAR has established a further joint working group focusing on paleoclimatic changes, the gen-
eration and rescue of paleo and historical data relevant for different projects of CLIVAR. It was recognised
that this activity, in co-operation with Past Global Changes (PAGES, a component of IGBP), is one of the
few possibilities for the assessment and investigation of long-term climate variability on decadal time scales
since the current observational record is and will during the lifetime of CLIVAR be too short for these pur-
poses. The success of this project is critical for the guidance and evaluation of multi-decadal and multi-cen-
tury global simulations of the climate system.
The variability of the monsoons is a major factor in year to year fluctuations of climate that affect
large areas of the world and many millions of people. Thus, CLIVAR has established two initiatives on
monsoonal climate variations. The Asian-Australian Monsoon Panel is mostly concerned with the ‘classi-
cal’ monsoon variability over the Asian and Australian region but will also address the global significance
of the A.-A. monsoonal variations and place special emphasis on the role of the oceans. It will complement
the activities of other international, regional and national programmes working in this area of research. The
initiative will pay particular attention to the relationship between A.-A. monsoon systems and the El Niño/
Southern Oscillation (ENSO) phenomenon. 
Because of the different nature of the monsoonal circulations in the Americas a new initiative called
“Variability of the American Monsoon Systems” (VAMOS) has recently been established. One of the main
tasks of this panel is the co-ordination of the variety of ongoing activities and the identification of gaps in
this sector.
Although the short-term climate variations over Africa affect the chances of survival of many people
in Africa (e.g. Sahel rainfall), relatively little research attention has been paid to the African Climate System
during the last decades. Therefore CLIVAR will, through the African Climate Study Group in close co-op-
eration with other activities like START and the IHDP, try to establish a strong research project focusing
on the various climate variations over Africa and the adjacent oceans. This group has been set up for limited
term until 1999 to develop the scientific basis and infrastructure for the CLIVAR core project G4.
CLIVAR will be built largely on the legacies of TOGA and WOCE. The TOGA Coupled Ocean At-
mosphere Response Experiment (COARE), a field programme to study the Warm Pool region of the West-
ern Pacific, was carried out towards the end of the official TOGA decade (1985-1994). Hence, there is still
much to expect from the ongoing research on the large amount of data collected during this experiment.
CLIVAR will continue to monitor and foster the research and help bring the results of this enormous under-
taking to bear on the problems of the future.
Beyond these panels and working groups directly operated under the auspices of CLIVAR, a number
of committees, especially those concerned with ocean observations are of particular relevance to CLIVAR.
To ensure a close co-ordination with these groups, namely the TAO Implementation Panel (TIP), the Ocean
Observations Panel for Climate (OOPC), the Data Buoy Co-operation Panel (DBCP), the Mean Sea Level
Group of GLOSS and the Ships-of-Opportunity Programme Implementation Panel of IGOSS, close liaison
occurs with appropriate sub-bodies of CLIVAR (i.e. mainly to the Upper Ocean Panel). The exchange of
information is either done through cross representatives in the membership on these various panels or via
the co-ordination of the CLIVAR IPO. 
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BODC British Oceanographic Data Centre (UK)
BP before present
BPPT Agency for the Assessment and Application of Technology (Indonesia)
BSH Bundesanstalt für Seeschiffahrt und Hydrographie (Germany)
BSN Basic Synoptic Network of World Weather Watch
CARDS Comprehensive Aerological Reference Data Set
CAS Commission for Atmospheric Sciences (WMO)
CBS Commission for Basic Systems
CCCO Committee on Climate Changes and the Ocean
CCl Commission on Climatology (of WMO)
CCSR Center for Climate System Research (Japan)
CDAS Climate Data Assimilation System
CDW Circumpolar Deep Water
CEOF Complex Empirical Orthogonal Functions
CGCM Coupled General Circulation Model
CLIPS Climate Information and Prediction Service
CLICOM Climate Computing Project (World Climate Data and Monitoring Pro-
gramme)
CLIVAR Climate Variability and Predictability (WCRP component)
CM Current Meter
CMIP Coupled Model Intercomparison Project
CNES Centre National d’Etudes Spatiales (France)
COADS Comprehensive Ocean-Atmosphere Data Set
COARE Coupled Ocean Atmosphere Response Experiment (TOGA)
CORC SIO-LDEO Consortium on The Ocean’s Role in Climate (NOAA)
COWL Cold Ocean Warm Land
CPC Climate Prediction Center (NCEP)
CRC Climate Research Committee (USA)
CSIRO Commonwealth Scientific and Industrial Research Organization (AUS)
CT Cold Tongue
CTD Conductivity Temperature Depth (instrument)
CWSVPPC CLIVAR/WOCE Surface Velocity Programme Planning Committee
CWXXPPC CLIVAR/WOCE XBT/XCDT Programme Planning Committee
DAC Data Assembly Centre (WOCE)
DAO Data Assimilation Office (NASA)
DARE Data Rescue
DBCP Data Buoy Co-operation Panel (WMO/IOC)
DCP Data Collection Platform
DecCen Decadal to Centennial Climate Variability (CLIVAR component)
DIMP Data and Information Management Panel (GCOS) 
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DIS Data and Information System (IGBP)
DIU Data Information Unit (WOCE)
DKRZ Deutsches Klimarechenzentrum (German Climate Computing Centre)
DMC Drought Monitoring Centre, Harare, Zimbabwe
DMPC Deep Moored Profiling CTDs
DPC Data Products Committee (WOCE component)
DWBC Deep Western Boundary Current
EAC East Australian Current
ECLAT Etudes Climatiques dans l’Atlantique Tropical
ECMWF European Centre for Medium Range Weather Forecasts (UK)
ENSIP ENSO Intercomparison Project (CLIVAR NEG-1)
ENSO El Niño Southern Oscillation
ENVISAT Environmental Satellite
EOF Empirical Orthogonal Functions 
EOS Earth Observatory System
EPOCS Eastern Pacific Ocean Climate Studies
ERBE Earth Radiation Budget Experiment
ERS ESA Remote Sensing Satellite
ESA European Space Agency
ESOP European Subpolar Ocean Programme
ESTOC Estación de Series Temporales Oceánicas de Canarias (Time series station, 
Canary Islands)
EUC Equatorial undercurrent
EU European Union
FANGIO Feedback Analysis of GCMs and in Observations (WGNE component)
FOCAL Programme Français Océan et Climat dans l’Atlantique Equatorial
FRAM Fine Resolution Antarctic Model
FSU Florida State University, Tallahasee, FL, USA
GAIM Global Analysis, Interpretation and Modelling (IGBP Task Force)
GAME GEWEX Asian Monsoon Experiment
GAW Global Atmosphere Watch
GCIP GEWEX Continental Scale International Project
GCM General Circulation Model
GCOS Global Climate Observing System (IOC/WMO/ICSU/UNEP)
GCSS GEWEX Cloud System Studies
GCTE Global Change and Terrestrial Ecosystems (IGBP)
GEOSAT Geostationary Satellite
GEWEX Global Energy and Water Cycle Experiment (WCRP component)
GFDL Geophysical Fluid Dynamics Laboratory (USA)
GISP Greenland Ice Sheet Project 
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GISS Goddard Institute for Space Studies (of NASA, USA)
GLOBEC Global Ocean Ecosystem Dynamics
GLOSS Global Sea-level Observing System
GMPP GEWEX Modelling and Prediction Panel
GOALS Global Ocean Atmosphere Land System (CLIVAR component)
GOCE Gravity Field and Steady-State Ocean Circulation Explorer
GODAE Global Ocean Data Assimilation Experiment
GODAR Global Oceanographic Data Archaeology and Rescue
GOES Geostationary Operational Environment Satellite
GOOS Global Ocean Observing System (IOC)
GOS Global Observing System
GOSTA Global Ocean Surface Temperature Atlas
GPCP Global Precipitation Climatology Project (GEWEX)
GPI Global Precipitation Index
GR Global Residual
GRACE Gravity Recovery and Climate Experiment (NASA mission)
GRDC Global Run-off Data Centre
GRID Global Resources Information Database (UNEP)
GRIP Greenland Ice-Core Project
GSN GCOS Surface Network
GTOS Global Terrestrial Observing System 
GTS Global Telecommunication System
GTSP Global Temperature and Salinity Project
GUAN GCOS Upper-Air Network
GVaP GEWEX Water Vapour Project
HC Hadley Centre for Climate Prediction and Research (UKMO)
HIRS High-resolution Infrared Radiation Sounder
HOTS Hawaii Ocean Time-Series
HWR Hydrology and Water Resources (W)
IABP International Arctic Buoy Programme
IAI Inter-American Institute for Global Change Research
iAnZone International Antarctic Zone
IAS Intra-American Seas
ICACGP International Commission on Atmospheric Chemistry and Global Pollution
ICES International Council for the Exploration of the Seas
ICPO International CLIVAR Project Office 
ICSU International Council of Scientific Unions
IFMH Institut für Meereskunde, Hamburg, Germany
IFREMER Institut Français de Recherche pour l'Exploitation de la Mer (France)
IGAC International Global Atmospheric Chemistry Programme 
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IGBP International Geosphere Biosphere Programme
IGOSS Integrated Global Ocean Services System
IHDP International Human Dimensions of Global Environmental Change Pro-
gramme
IIOE International Indian Ocean Expedition
IMR Institute of Marine Research (Reykjavik, Iceland)
INDOEX Indian Ocean Experiment
INSAT India’s Geostationary Meteorological Satellite
IOC Intergovernmental Oceanographic Commission
IODE International Oceanographic Data and Information Exchange
IOS Initial Operational System (GCOS)
IPAB International Programme for Antarctic Buoys
IPCC Intergovernmental Panel on Climate Change
IRI International Research Institute
ISLSCP International Satellite Land Surface Climatology Project (GEWEX)
ISCCP International Satellite Climatology Project (GEWEX)
ISO Intra-Seasonal Oscillation
ISOS International Southern Ocean Studies
ISSC International Social Science Council (UNESCO)
ITCZ Inter-Tropical Convergence Zone
ITPO International TOGA Project Office
JAMSTEC Japan Marine Science and Technology Center
JASON proposed TOPEX/Poseidon follow-on satellite (NASA)
JCESS Joint Center for Earth System Science
JCOMM Joint Commission for Ocean and Marine Measurements (GCOS/GOOS)
JGOFS Joint Global Ocean Flux Study 
JODC Japanese Oceanographic Data Centre
JPL Jet Propulsion Laboratory (NASA)
JSC Joint Scientific Committee for the World Climate Research Programme
KERFIX KER for Kerguelen and FIX for fixed station (Time series station, Kerguelen 
islands)
KNMI Koninklijk Nederlands Meteorologisch Instituut (The Netherlands)
KORMEX Korea Monsoon Experiment
LBA Large-Scale Biosphere-Atmosphere Experiment in Amazonia
LDEO Lamont-Doherty Earth Observatory, Palisades, USA
LLT Long term trends (GLOSS data set)
LMD Laboratoire de Météorologie Dynamique (France)
LOICZ Land-Ocean Interactions in the Coastal Zone (IGBP)
LODYC Laboratoire d’Oceanographie Dynamique et de Climatologie (France)
LSW Labrador Sea Water 
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LUCC Land-Use and Land-Cover Change (IGBP)
MAFF Ministry of Agriculture, Fisheries and Food (UK)
MAGS Mackenzie GEWEX study
MARVOR French Subsurface Float, contraction from old Breton language: “MARCH” 
(horse) and “VOR” (sea)
MAST Marine Science and Technology Programme (European Union)
MEDIAS Regional Research Network Mediterranean Basin (MEDI) and Subtropical 
Africa (AS) (France)
MEDS Marine Environmental Data Services (Canada)
MIT Massachusetts Institute of Technology
MJO Madden-Julian Oscillation
MOC Meridional Overturning Cell
MODIS Moderate-resolution Imaging Spectrometer
MOS Model output statistics
MRI Marine Research Institute (Helsinki, Finland)
MSD Mid-Summer Drought
MSLP Mean sea level pressure
MSU Microwave Sounding Unit
MWS Meridional wind stress
NAC North Atlantic Current
NASA National Aeronautics and Space Administration (USA)
NASDA National Space Development Agency of Japan
NADW North Atlantic Deep Water
NAO North Atlantic Oscillation
NCAR National Center for Atmospheric Research (USA)
NCDC National Climate Data Center (USA)
NCEP National Center for Environmental Prediction
NDVI Normalised Difference Vegetation Index
NECC North equatorial countercurrent
NEG Numerical Experimentation Group
NEP Numerical Experimentation Panel
NGDC National Geophysical Data Center (NOAA component)
NMC/CAC National Meteorological Center / Climate Analysis Center
NOAA National Oceanic and Atmospheric Administration (USA)
NOS National Ocean Service (NOAA, USA)
NRC National Research Council
NSCAT NASA Scatterometer
NSF-ONR National Science Foundation-Office of Naval Research
NWP Numerical Weather Prediction 
OCTS Ocean Colour and Temperature Sensor 
6. Acronyms
 
A-39
 
OGCM Ocean General Circulation Model
OLR Outgoing Longwave Radiation
OMIP Ocean Model Intercomparison Project
OOPC Ocean Observation Panel for Climate (GCOS/GOOS/WCRP)
OOSDP Ocean Observing Systems Development Panel (CCCO/JSC)
OSSE Observing System Sensitivity Experiments
OWS Ocean Weather Ship
PACS Pan American Climate Studies (US-GOALS)
PAGES Past Global Changes (IGBP component)
PALACE Profiling ALACE floats
PBL Planetary boundary layer
PCMDI Program for Climate Model Diagnosis and Intercomparison (USA)
PDF Probability density function
PICES North Pacific Marine Science Organization
PILPS Project for Intercomparison of Land-Surface Parameterisations (GEWEX)
PIRATA Pilot Research Moored Array in the Tropical Atlantic
PMEL Pacific Marine Environmental Laboratory (USA)
PMIP Paleoclimate Modelling Intercomparison Project
PNA Pacific North American 
PRA Principal Research Area
PSMSL Permanent Service for Mean Sea Level
PV Potential vorticity
PSA Pacific South American
QBO Quasi Biennial Oscillation
RAFOS SOFAR (Sound Fixing and Ranging Float) spelled backwards
REVIZEE Avaliacão de potencial sustentável de Recursos Vivos na Zona Economica 
Exclusiva
SAC Special Analysis Centre
SACZ South Atlantic Convergence Zone
SAMW Subantarctic Mode Water
SAR Second Assessment Report (of IPCC)
SAR Synthetic Aperture Radar
SAT Surface Air Temperature
SCAR Scientific Committee on Antarctic Research
SCOR Scientific Committee on Oceanic Research
SCORPIO Oceanographic Cruise in the South Pacific, 1968, USA
SCPP Seasonal-to-interannual Climate Prediction Program (NOAA)
SCSMEX South China Sea Monsoon Experiment
SEACAT recording CDT product of SeaBird (Seattle, USA)
SEC South equatorial current 
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SEQUAL Seasonal Response of the Equatorial Atlantic
SeaWiFS Sea-viewing Wide Field-of-view Sensor (NASA)
SHEBA Summer Heat Budget of the Arctic
SIE Sea Ice Extent
SIMW Subtropical Indian Mode Water
SIO Scripps Institution of Oceanography, La Jolla, USA
SLP Sea level pressure
SMIP Seasonal Prediction Model Intercomparison Project
SO Southern Oscillation
SOC Southampton Oceanographic Centre, UK
SOI Southern Oscillation Index
SPALACE Salinity Profiling ALACE
SPARC Stratospheric Processes and their Role in Climate (WCRP component)
SPCZ South Pacific Convergence Zone
SSG Scientific Steering Group
SSH Sea Surface Height
SSM/I Special Sensor Microwave/Imager
SSS Sea Surface Salinity
SST Sea Surface Temperature
START Global Change System for Analysis, Research & Training
STOIC Study of Tropical Oceans in Climate Models (CLIVAR NEG-1)
SVP Surface Velocity Programme (former WOCE component)
TAO Tropical Atmosphere Ocean (TOGA moored array)
TBO Tropospheric biennial oscillation
THC Thermohaline circulation
TIP TAO Implementation Panel (GCOS/GOOS/WCRP)
TOGA Tropical Ocean Global Atmosphere (WCRP component)
TOPEX/POSEIDON Ocean Topography Experiment (NASA/CNES Satellite Programme)
TOP Top of the atmosphere
TRITON Triangle Trans-Ocean Buoy Network
TRMM Tropical Rainfall Measuring Mission
TWXXPPC TOGA / WOCE XBT / XCDT Planning Committee
UD/EB Upwelling Diffusion-Energy Balance Model
UKMO United Kingdom Meteorological Office
ULS Upward Looking Sonars
UNDP United National Development Programme
UNEP United Nations Environment Programme
UOP Upper Ocean Panel (CLIVAR)
VAMOS Variability of the American Monsoon Systems
VCP Voluntary Cooperation Programme (WMO) 
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VEINS Variability of Exchanges in Northern Seas
VOS Volunteer Observing Ships
WCDMP World Climate Data and Monitoring Programme 
WCRP World Climate Research Programme
WDC World Data Center
WGCM Working Group on Coupled Modelling (JSC/CLIVAR)
WGNE Working Group on Numerical Experimentation (WCRP/CAS)
WHP WOCE Hydrographic Programme
WHPPC WOCE Hydrographic Programme Planning Committee
WHYCOS World Hydrological Cycle Observing System
WMO World Meteorological Organization
WOCE World Ocean Circulation Experiment (WCRP component)
WWW World Weather Watch (WMO)
WWW World Wide Web
XBT Expendable Bathythermograph
XCTD Expendable Conductivity-Temperature-Depth Instrument 
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